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Preface 


Encouraged by the success last year of our publication, Semiconductor Circuit Design, I have compiled, 
under the same title, this second volume of additional circuit designs using a wide range of semi- 
conductor devices. 


The book is divided into three sections, Digital Integrated Circuits, Operational Amplifiers and 
Optoelectronics, and each one is preceded by an introductory chapter. 


The first section, Digital I.C.s, describes in its second chapter Schottky transistor-transistor logic 
considered to be of future major importance especially in its Low Power form. The section continues 
by adequately covering interface devices, counters, selectors, decoders, converters etc. and concludes 
with a chapter describing a means of performing high speed multiplication using read-only memories. 


The second section, Operational Amplifiers, continues the pattern of introductory chapter followed 
by applications and ends with a chapter on Stereo Amplifiers—in response to the enthusiasm with 
which the audio section in Volume One was received. 


The introductory chapter to the third section, Optoelectronics, attempts to illuminate the theory 
and practical considerations that apply when making these new and interesting semiconductor devices. 


I wish to thank all my colleagues for their help and especially David Bonham and Bob Parsons, 
who not only wrote a number of the chapters, but acted as my technical specialist consultants through- 
out the preparation of this book. 


Also, I thank the editors of Practical Wireless for their kind permission to use articles from the 
May, June, July and August 1972 issues, as a basis for Chapter XVI. 
BRYAN NORRIS 


Applications Manager 
Texas Instruments Limited 
April 1973 
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SECTION 1. 
DIGITAL INTEGRATED CIRCUITS 


| INTRODUCTION TO TTL 


by David A Bonham 


Modern TTL is the result of more than a decade of 
evolution from early attempts to produce integrated cir- 
cuits instead of discrete component circuits. It is interesting 
to look back at the history of digital integrated circuits and 
examine the ways that they evolved to appreciate the 
virtues of TTL. 

The first commercially available integrated circuits 
Texas Instruments produced in 1959 were the SN502 
series. They featured mesa construction and wire inter- 
connections as shown in Figure 1. This approach is feasible 
where a limited number of circuits are required; but it is 
not economic where one wishes to attain volume pro- 
duction. The first true catalogue lines of integrated circuits 
were resistor-transistor logic, RTL, and Series 51 resistor- 
capacitor-transistor logic, RCTL shown in Figure 2. These 
were now monolithic in construction and planar diffused. 
However, from a circuit point of view, they suffered by 
having poor fan-out, about three or four, and a low dc noise 
margin. They did feature low power, about 2 to 7 mW/gate, 
depending upon the supply rail chosen. 


OUTPUT 


FIGURE 2. Basic Schematics of: (a ) RTL Integrated 
Circuit, and (b) Series 51 RCTL Integrated Circuit 
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INPUT 


GND 


FIGURE 1. SN502 Series Integrated Circuit, Mesa Construction 


The next advance was diode-transistor logic, DTL, as 
shown in Figure 3(a). This had a good fan-out and a good 
noise immunity. However, it suffered from poor yields, due 
to the design allowing only a small variation of component 
values. Another disadvantage was the requirement of a 
negative supply which in turn took an extra pin on the 
package. So far the designs had been a mere translation of 
discrete circuits into a monolithic form. To keep down the 
cost of logic, cheap components are used where possible. 
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FIGURE 3. Basic Schematics of: (a) DTL and 
(b) Modified DTL Integrated Circuits 


However, when one turns to making morolithic devices, the 
cost also depends upon the yields obtained. It costs very 
little more to make a transistor in an integrated circuit than 
it does to make a diode, and yet by incorporating the 
transistor one can probably obtain better performance. This 
was the philosophy that led to the introduction of modified 
DTL. A transistor is used in place of one of the diodes. If 
one compares Figures 3(a) and 3(b) one will see that 
transistor Q1 provides more current for transistor Q2 than 
the original diode arrangement. Because more current is 
now available, one can both use a smaller pull-down resistor 
on the base of transistor Q2 and have a wide range of 
current gain, hp and still get a correctly operating gate. 
This gives a higher production yield and a lower cost per 
gate. 

Next, instead of replacing just one diode, transistors 
were used in place of all the diodes. This logic family, the 
basic NAND gate of which is shown in Figure 4(a) was 
called Series 53/73. A pnp transistor has replaced each 
input diode so that the input current is divided by the hp 
of the transistor. Because the substrate is p type material, it 
is only necessary to diffuse an n region as the base, or input 


terminal, and a p region within this as the emitter as shown 
in Figure 4(b). There is another advantage that is gained 
from monolithic construction on a p type substrate. 
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P-TYPE SUBSTRATE 
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P-TYPE SUBSTRATE 


FIGURE 4. Series 53/73 Integrated Circuits: (a) Basic 
NAND Gate, (b) Cross-Section of Transistor and 
Input “Diode”’, (c) Formation of an npn Transistor 
in the Substrate Also Produces a pnp Transistor 


Forming a npn transistor in the substrate also 
produces a pnp as shown in Figure 4(c). When the npn 
transistor would normally be driven hard into saturation 
the pnp comes into conduction and shunts excess base 
current into the substrate. This reduces stored base charge 
and thus improves the switching time of the npn transistor. 
The Series 53/73 devices have a fan out of 10, thanks to the 
pnp input transistors, a low impedance output in both 
logical states, and are easy to use. However, they require 
seven transistors to a basic gate occupying a large area so 
that the cost could never be really low, and the noise 
margin could be rather small. Notice the output circuit 
arrangement, with its one transistor above another. This is 


known as a totem-pole configuration and can provide 
i.e. ‘source’, or accept, i.e. sink, current. 

The next circuit advance was to use a multi- 
emitter transistor, instead of diodes or transistors, form- 
ing a gate at the input. This resulted in the transistor- 
transistor logic circuit shown in Figure 5 with its planar 
construction as shown in Figure 6. The advantages of the 
multi-emitter transistor are that it takes less area than the 
equivalent number of diodes and that it has a faster speed. 
The speed of TTL is in fact about twice that of DTL. 
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GND 


FIGURE 5. Typical TTL Circuit 


Another advantage of TTL lies in its totem-pole 
output. This gives low impedance drive in both high and 
low output states providing high speed with the ability to 
drive capacitive loads. In general, the totem pole outputs 
cannot be wired together (Wire-OR). So to allow Wire-OR, 
open collector gates are made, which are the same as the 
totem pole gate but without the upper output transistor. 


COLLECTOR EMITTER 2 
EMITTER 1| P-TYPE 
N-TYPE BASE 
EPITAXIAL 
LAYER 


Totem poles and Wire-OR (or, more correctly, 
Wire-AND) will be described in greater detail.in later 
sections. Although it is not usually shown on the circuit 
diagram, there is a diode from a point on the 4 kQ resistor 
to the collector of the input transistor. The purpose of this 
diode is to limit the base current into the multi-emitter 
transistor so that it only just saturates when the input is 
low. It also limits the base current when the inputs are high. 
This has the effect of keeping stored charge in the transistor 
down to a minimum thereby giving optimum switching 
times for this input transistor. 

To the standard range of TTL, which was introduced 
in 1964, have been added Low Power, High Speed, 
Schottky and Low Power Schottky ranges. All have the 
same basic circuit configuraticn and are compatible with 
each other in such things as supply and logic voltages. 
However, there is a compromise between speed and power. 
This is because to achieve higher speed and lower propaga- 
tion delays the circuit resistor values have to be reduced. 
This reduces all the time constants with base capacitances, 
stored charge, stray and load capacitances, thus giving a 
faster propagation of the signal through the gate. Of course, 
reducing the resistor values means a higher power con- 
sumption. Thus it happens that the product of power and 
speed for a family is approximately constant. So if one 
plots Low Power, Standard TTL and High Speed, as in 
Figure 7, they lie on the same hyperbolic curve. Adding 
Schottky clamp diodes improves the speed of the family 
without increasing power, so the two Schottky families lie 
on a better curve. One could design a family to lie 
anywhere along the curves. The different powers and speeds 
of the families are shown in Table 1. 
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FIGURE 6. Cross Section Showing Planar Construction of Typical TTL Circuit 
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FIGURE 7. Power-Speed Compromise of the 
Various Types of TTL Circuits 


Table 1. 


Low Power 

Low Power Schottky 
Standard 

High Speed 
Schottky 


THE DATA SHEET 


Before studying the data sheet it is useful to examine 
the philosophy behind it. 


Worst-Case Worst-Case Philosophy 


The data sheet limits are not all given for a typical 
value of supply voltage and room temperature. Each 
maximum or minimum parameter meets the data sheet 
value at the worst supply voltage for that parameter. Thus 
two different parameters may be measured at different 
supply voltages: one with the maximum positive tolerance 
and the other with the maximum negative tolerance. 
Additionally, both parameters are guaranteed over the 
whole of the temperature range. Therefore, every data sheet 
limit is for the worst combination of supply and tempera- 
ture. The advantage of this is that any device will connect 
correctly to another device, which may be in another part 
of an equipment, with a different supply voltage and 
ambient temperature. 

This worst-case worst-case method of specifying 
device characteristics is most important as it removes from 
the designer the need to check, either mathematically or 
physically, if devices will interconnect correctly. Apart 
from observing voltage, temperature and fan out ranges, 
there is normally no need to study the data sheet. However, 
the data sheet does tell one how to interface the logic with 
external inputs and outputs. 


There are two further points which should be 
examined here. The first is that, in general, Positive Logic is 
used. This means that a logical ‘l’ is a high voltage and 
logical ‘0’ is a low voltage. On the data sheet, high and low 
voltage conditions are often abbreviated to H and L. 

The second point is concerned with device number- 
ing. Each integrated circuit is known by perhaps seven or 
eight characters, such as SN7400N. The device is listed 
under this name rather than its logic function which is, in 
this case, a quad two input NAND gate. How the group of 
characters is made up and their relevance, is explained in 
the next section on symbolization. 


Symbolization (Device Recognition) 


SNS4HI02N 


The above is a typical TTL device symbolization. It 
can be divided into distinct parts each of which tell us 
something about the device. 


SN/54/H/102/N 

SN This is the standard prefix for a Semiconductor 
Network. There are variations such as: RSN; BL; and 
SNX; which indicate a Radiation Hardened Circuit, a 
Beam Lead constructed device, or an Experimental 
Circuit respectively. 


54 TTL is available to meet three temperature ranges. 
Prefixes 54, 64, and 74 distinguish them 
Series 54 = -—55tot+125°C Military 
Series 64 = —40to+ 85°C 
Series 74 = Otot+ 70°C Industrial 


There is also a difference in the supply voltage range. 


Series 54 = 45 V to5.5V 
Series 64 and 74 = 4.75 V to5.25 V 


H Indicates a High Speed device. 


The letter(s) might have been: 


L : Low Power 

orS : Schottky 

or LS: Low Power Schottky. 
or there might have been no letter which would 
indicate a Standard family device. 


102 The next two or three numbers show the device 
function (102 = JK Flip Flop). 


N This letter is the package type. There are 11 


possibilities shown in the data book but N is the most 
widely used. 


N = 14, 16 or 24 pin dual-in-line plastic. 


SN54H102N. It should now be apparent that the 
above example is a High Speed J-K Flip Flop meeting the 
military temperature range. 


Absolute Maximum Ratings 
Supply Voltage, Vcc 7.0V 
Input Voltage, Vyjn 5.5 V 


There may be electrical breakdown and irreversible 
damage if the Vcc is raised above 7.0 V. This does not 
imply that one gets correct logical operation for all voltages 
below 7.0 V. 

The Input Voltage with respect to ground (or the 
most negative input) must not be greater than 5.5 V. The 
input will tolerate a maximum current into the gate of 
about 2 mA. Thus where inputs do not go to an output but 
to the supply rail, then a current limiting resistor should be 
included if it is possible that there may be transients on the 
rail, or negative undershoots on other inputs to that input 
transistor. 


Basic Data Sheet 

A line-by-line examination of the data sheet for the 
basic gate shown in Figure 8 will show what relevance the 
parameters have for the user. 


1. Title. Data sheets are usually for both 
Series 54 and 74 devices. Apart from pin connections, data 
sheet parameters are the same regardless of the package. 


2 Schematic. Resistor values are nominal and 
may vary by + 20%. 

Pin Configuration. Note that the pin con- 
nections for flat package are not necessarily the same as 
dual in line. 


The logic symbols, which are used in both 
data sheets and application reports, are shown with their 
meaning in Figure 9 (positive logic). 


oi: Although the devices will operate outside 
the stated limits of voltage and temperature, some of the 
parameters may then be outside the data sheet limits. 


4.and 5. Voltage ranges over which the series are 
specified. Series 64 is the same as Series 74. 


6. Fan-Out is the number of standard loads 
(standard inputs) that the circuit outputs will drive cor- 
rectly, i.e., with full noise margin. See section on Fan-Out. 


7. and 8. Temperature ranges over which the series are 
specified. Series 64 is specified for the temperature range of 
—40 to +85°C. In all other respects however, it is identical 
to Series 74. 


2 The table following is of typical and worst- 
case worst-case characteristics. 
10. and 13. When the input voltage is greater than 2.0 V, 


the output will be less than 0.4 V even when sinking 
16 mA, and even when Vcc is the minimum applicable 
value as in 4 and 5. 


I1.and 12. When the input voltage is less than 0.8 V, 
the output will be greater than 2.4 V even when sourcing 
400 A, and even when Vcc is the minimum applicable 
value as in 4 and 5. 


14, When the input is taken down to 0.4 V the 
input will source a maximum of 1.6 mA even at the 
maximum supply. This is due to current flowing from the 
Vcc rail via the base resistor of the input transistor as 
shown in Figure 10. 
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FIGURE 9. Logic Symbols (Positive Logic) 


1.6 mA MAX. 


0.4V 


Vcc 


FIGURE 10. Input Current (Logical ‘0’) 


CIRCUIT TYPES SN5400, SN7400 
QUADRUPLE 2-INPUT POSITIVE NAND GATES 


schematic (each gate) w FLAT PACKAGE J OR N DUAL-IN-LINE PACKAGE 
(TOP VIEW) (TOP VIEW) 


a OulrPul vy 
INPUTS 
iy 
ie GND 


NOTE: Component values shown are nominal. 


positive logic: Y = AB 


recommended operating conditions 
Supply Voltage Vcc: SN5400 Circuits 
SN7400 Circuits 


Normalized Fan-Out From Each Output, N bog ae BD ee 
Operating Free-Air Temperature Range, TA: SN5400 Circuits 
SN7400 Circuits 


electrical characteristics over recommended operating free-air temperature (unless otherwise noted) 


F TEST 
PARAMETER TEST CONDITIONSt MIN TYP? MAX | UNIT 
FIGURE 
Logical 1 input voltage required 
logical O level at output 
Logical O input voltage required 
Vin(o) at either input terminal to ensure 2 
logical 1 level at output 
Vout(1) Logical 1 output voltage 


Vout(0) Logical 0 output voltage 


Vin(1) at both input terminals to ensure 


Logicat O level input current (each 


Vin(0) japiil 


Logical 1 level input current (each 


Hint) input) 


Os Short-circuit output current’ 
Icc(0) ‘Logical O level supply current 
Icc(1) Logical 1 level supply current 


PARAMETER TEST CONDITIONS UNIT 
FIGURE 


5dO Propagation delay time to logical 0 level 65 Ci = 15pF, Ry = 400 82 | ons | 
tod! Propagation delay time to logical 1 level | 65 =| C_ = 15 PF, Ry = 4002 | ons | 


t For conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions for the applicable 
device type. 


t all typical values are at Voc = 5 V, Ta = 25°C. 
8 Not more than one output should be shorted at a time. 


FIGURE 8. Data Sheet for TTL Circuit Types SN5400 and SN7400 
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15. When the input is taken up to 2.4 V it will 
sink up to 40uA even when the supply is the maximum. 
(14 and 15 define the standard load) 


16. If the input is taken to 5.5 V, it will sink a 
maximum of | mA even at the maximum supply. This is a 
breakdown condition. 


17.and 18. If the output terminal is taken down to 
ground when the gate output is in the logical ‘I’ state, this is 
the current which will flow out of the output terminal. 


19.and20. This is the total current taken by the 
package at typical and worst case supply and inputs. 


21.and 22. Propagation delays measured using a circuit 
as in Figure 11 to simulate 10 standard loads. 
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FIGURE 11. Circuit Used to Measure 
Propagation Delays 


For thoroughness, a test figure is given for each of the 
lines 10 to 20 showing the configuration in which the 
parameter is measured. 

The user should not allow himself to be intimidated 
by the above explanation of the data sheet. All that one 
needs to remember is the following: 


A gate (or any other function) can adequately drive 
up to 10 inputs, be they to gates or complex 
functions. 


This statement is the basis of the following section on 
Fan-Out. 


Fan-Out 


As stated previously, in line 6, fan-out is the number 
of standard (or normalized) loads that can be driven by an 
output. For each load an output may have to sink 1.6mA 
when it is low and source 40uA when it is high. As lines 
13 and 12 respectively state in the example of the SN7400, 
the output of the gate can sink 16 mA before the saturation 
voltage of the output transistor exceeds 0.4 V and it can 
source 400A before the output voltage drops below 
2.4 V. 

logical, ‘0’ = 16/1.6 = 10, logical ‘? = 400/40 = 10. 
fan-out fan-out 
Therefore, the SN7400 has a fan-out of 10 in both logical 
States. 

All new devices are being tested at 800 WA at logical 
‘P instead of the 400 WA. This gives a fan-out of 20 in the 
logical ‘I’ state. 


When an unused input is paralleled with a used one, it 
is necessary to sink a maximum of 1.6 mA from the input 
transistor, or source 404A maximum into each of the 
inputs. Thus, two inputs of the same gate paralleled 
presents a load of | in the logical ‘0’ state and 2 in the 
logical ‘I’ state. 

Thus, a total of 10 unused inputs can be paralleled 
with used inputs, without exceeding the fan-out capability 
of the output. Eventually all devices will be specified at 
800 uA. Actually the difference between 400 uA and 
800 uA, with an output impedance of 150 $2, represents a 
drop in output voltage of only 60 mV anyway. 


DC Characteristics 


The Transfer Characteristics of the gates of all the 
families are very similar in terms of voltage. They look like 
the curve in Figure 12. 

The input and output characteristics of standard TTL 
will now be examined with reference to the data sheet 
limits. They are shown in Figures 13 and 14. The impor- 
tance of various parts of the characteristics is given on the 
figure. The circled numbers correspond to the relevant line 
of the data sheet. 


The input and output characteristics of the other 
TTL families are all contained in the Bergeron diagrams in a 
later section. Although to differing scales of current, they 
are all the same basic shape. 
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FIGURE 12. Transfer Characteristics of a Gate 
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FIGURE 13. Input Characteristics of Standard TTL 
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FIGURE 14. Output Characteristics of Standard TTL 


LOGIC GATES AND FLIP FLOPS 


Standard Input and Output 
Each input to a function is one standard TTL load. 
There are occasional exceptions: for example, clock inputs 


are sometimes two loads. Each output of a function is one 
standard output. 
The standard input is usually of the configuration 


shown in Figure 15 and the standard output is as in 
Figure 16. 


FIGURE 15. Standard Input 


FIGURE 16. Standard Output 


Combining Figures 15 and 16 gives the basic NAND 
gate. 


NAND Logic and Karnaugh Maps 

As the logic is of the NAND form, it facilitates the 
realization of Karnaugh maps. The latter provide a dia- 
gramatic view of all the logical terms (Yes, No and “‘don’t 
care” terms) required in an expression. They allow one to 
obtain the simplest and most economical expression 
necessary. An example is shown in Figure 17. The 
expression can then be realized using NAND gates as in 
Figure 18. Karnaugh maps are explained in many books on 
logic and Boolean algebra.! 
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FIGURE 17. A Karnaugh Map 
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F=A.C+B.D 


FIGURE 18. Realization of the Expression 
With NAND Gates 


Flip-Flops 

Flip-flop is a term which has come to mean a 
function which can be triggered into either of two stable 
States, i.e., a bistable element. The simplest of these is the 
bistable latch. This is usually made from cross coupled 
NAND gates but other variations are possible as shown in 
Figure 19, Latches can be used as memory elements. 

The NAND gate version has the truth table shawn in 
Table 2. 


Table 2. 


In line 1 of Table 2 the outputs are as they were 
before the R and S inputs changed. Lines two and three 
show the new output states which occur immediately either 
R or S is taken to a zero. The new state is remembered 
when R or S returns to a logical ‘1’. Line 4 can occur, but it 


FIGURE 19. Variations of Latch Possible 


is: not remembered, as either R or S changes before the 
other, and it is this intermediate state that is remembered. 

Any change in the output of a latch occurs at the 
same time as the input data change. This is known as 
‘asynchronous’ operation. A ‘synchronous’ flip-flop is one 
in which the outputs change in accordance with the input 
data but at a time determined by a separate ‘clock’ input. 
The simple latch shown above operates asynchronously. 
More complex logic is required to turn a latch into a 
synchronous flip-flop or bistable. 

There are various configurations of clocked bistable 
and various clock mechanisms. The three clock mechanisms 
will be considered first. 

Ac Coupled. The clock pulse is capacitively coupled 
into the bistable. A fast rise is necessary to ensure 
propagation of this pulse. Currently none of the TTL 
flip-flops has this type of clock. 

De or Edge-Triggered, Edge triggered should not be 
confused with ac coupled. Edge triggered is the same as 
level triggered. It is this, the change in dc level, that triggers 
the flip-flop. Either a positive or a negative transistion will 
clock, but not both. Although clocking is relatively 
independent of rise and fall times, noise immunity 
decreases if they are longer than about 50 ns. 

Master-Slave. In this type of input the data is not 
immediately transferred from the data inputs to the output. 
It is first put into a master latch. This occurs when the 
clock goes high. When the clock comes low again the inputs 
are first disconnected from the master and then the state of 
the master sets a slave latch which gives the output. 

Theoretically any of these three types of clocking can 
be used in the following bistable forms. 

D-type Bistable. The data present at the input just 
before the clock edge is transferred to the outputs on the 
same edge. The SN7474 is an example of a dual D-type 
bistable that is positive edge triggered. 

There is a variation usually called a D-type latch. With 
this function the data at the D input is transferred to the Q 
output while the clock is high and, if the data changes, Q is 
changed in sympathy, However, while the clock is low, the 
Q output retains the state it had prior to the negative edge. 
They are useful for data storage. The SN7475 is a quad D 
type latch. 

T-type flip-flop. The T-type flip-flop has two inputs 
clock and T. It changes state (or toggles) when clocked, if 
the data input, T, is a logical ‘1’. If it isa logical ‘O’ there is 
no change. When cascaded, these devices divide by two, 
and, although they are not available as separate entities, 
they are used within such things as binary counters. 


R-S_ Flip-flop. The outputs follow a similar truth 
table, shown in Table 3 to the set-reset latch. The notation 
used is that Q, represents the state of the Q output before 
the clock pulse and Q,4, after the clock pulse. The 
disadvantage of the R-S latch is that the output state is not 
predictable if R=S=1 at clocking. From the truth table 
one can see that it is not always necessary to control both 
R and S to get the desired output. For instance if Q=O 
and one wishes it to remain at logical ‘O” then, providing 
S=0O, R may be a logical ‘1’ or ‘O’. It will make no 
difference. This is useful as it simplifies the logic design and 
implementation of such things as counters. 


Table 3 


J-K Flip-flop. This is similar to the R-S except that 
the indeterminate state has been removed, and both data 
inputs, now called J and K, are logical ‘1’. The truth table, 
shown in Table 4, is now defined for all four combinations 

Table 4 


of J and K and it is no longer necessary to avoid the 
J=K-=1 input condition. Again, like the R-S flip-flop, one 
can get the desired output change by using only one of the 
data inputs. These are tabulated in Table 5. (Note X is the 
symbol used to represent a ‘don’t care’ i.e., ‘O’ or ‘1’). 


In the case of a master slave J-K flip-flop, it is 
generally understood that the J and K inputs should not be 
changed while the clock is high. However, if one studies the 
flip-flop in gate form, as shown in Figure 20, one can 
anticipate the result of such action. 

Figure 20 shows that the J and K data inputs go into 
the master latch via NAND gates which are enabled by the 
clock when it is high. In addition, Q and Q are fed back to 
the K and J input gates respectively. This feedback is the 
difference between an R-S and a J-K flip-flop. 

Consider when Q =1 (and thus Q =) the output of 
Gl =O, and G2 = 1. It will not matter what state J is in as 


K INPUT JINPUT 


CLOCK INPUT 


FIGURE 20. SN7473 J-K Master-Slave Flip-Flop 


it will be locked out by Q and the output of G8 = 1. Let K 
be low as the clock goes high. While the clock is still high, K 
goes high, and the output of G7 = O and therefore G5 = 1. 
Thus with two ones on its input, G6 goes to a‘O'and the 
master latch changes state. If K reverts to a ‘O’ while the 
clock is still high, then the master latch will remain with 
G5 = 1 and G6 = Oas there is still a‘O input to GS. In other 
words, it remembers that K went to a ‘1’. Now, when the 
clock goes low again, the transfer gates will pass the 
condition of the master latch to the slave. So the slave latch 
will change to Q = O as though K were still high. 

The action will be different if, instead of the circuit 
being as in Figure 20, it is realized as in Figure 21,, 
Specifying J =O and the rest of the conditions as before, 
the master latch will still change state when K goes toa ‘1’. 
Now, however, the new state will be transferred to the 
outputs immediately K returns to a ‘O’ as the transfer gates 
do not have to wait for the clock to go low in this circuit 
configuration. The clock going low will have no effect. In 
the second case when J = 1, the Q output will again change 
to a ‘0’ on the negative edge of the K data, only to be 
toggled back to a’‘l’ when the clock goes low. This is 
because G8 is no longer inhibited once Q has changed to'T’. 
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CLOCK 


FIGURE 21. SN74H73 J-K Master-Slave Flip-Flop 


Most flip-flops have a Clear or Preset terminal or 
both. The Clear input clears Q to a logical ‘O’ and the 
Preset input puts Q to a ‘1’. If only a Clear is available on a 
package then it can become a Preset by reassigning the 
input and output terminals. For instance with a J-K 
flip-flop, J becomes K and K becomes J and Q and Q are 
interchanged. What was the Clear input can now be used as 
a Preset. Obviously, with a dual device this could be done 
for both halves or only one half. 


Noise 

What is noise? It can be expressed in one simple 
sentence: Noise is some signal other than that signal which 
is intended to be at that point. Noise immunity is a measure 
of the susceptability of a system to noise. 


Noise Margins. These show how much noise TTL can 
tolerate before giving false outputs. 

The dc noise margin is the difference between the 
output voltage and the input threshold. Typically, the 
threshold of a TTL gate is at about 1.4 V. The output of a 
gate will be 0.2 V or 3.3V in the ‘O’ and ‘1’ states 
respectively. There, as illustrated in Figure 22, 


Noise Margin in the ‘O’ state = 1.4-0.2 
=1.2V 

Noise Margin in the ‘Il’ state = 3.3-1.4 
=19V 


3.3 V 
‘1’ STATE 


FIGURE 22. Typical DC Noise Margin 


0.2 V 14V ‘a 
‘0’ STATE 


The output of a gate is guaranteed to be less than 
0.4 V or greater than 2.4 V in the logical ‘O’ and ‘1’ states 
respectively. Similarly, the threshold is guaranteed to lie 
between 0.8 and 2.0V. Therefore, as illustrated in 
Figure 23, the guaranteed noise margin for worst devices 
will be (0.8 — 0.4) and (2.4 — 2.0). So for both states, the 
guaranteed noise margin is 400 mV. 


08V 1’ 
0.4V 


‘0’ STATE 


24V 
2.0 V 0" 


‘1’ STATE 
FIGURE 23. Guaranteed DC Noise Margin 


Causes of Noise 


Noise may come from a radiating source such as a 
relay, crosstalk from other gates, reflections caused by 
driving long lines, spikes on the supply rail caused by 
switching or coupling from the mains input, or spurious 
signals brought into the equipment along the input or 
output connections. Each of these possibilities will be 
considered in turn. 

Radiated. Consider a source, such as a relay or motor. 
There will be a stray capacity between this source and an 
intergate connection, as represented in Figure 24. The 
impedance level at this point will be defined by the driving 
gate output impedance, R. 


FIGURE 24. Stray Capacitance Coupling 
Noise Source Into Logic 


Consider a transient voltage source appearing across 
the stray capacitance C and impedance R as shown in 
Figure 25. The rate of rise is dV/dt. 

The current that flows through the capacity and 
output impedance is given approximately by CdV/dt = i. If 
there is a noise margin of 400 mV there can be a 
A Vir < 400 mV before the transient will cause the logic to 
give an incorrect output. 


AVin =iR “dV/dt = AVi,/RC 


substituting typical values (e.g. R= 25 2 C=2 pF) gives: 


transient tolerance, dV/dt < 8000 V/us . 


FIGURE 25. A Transient Voltage Source Appearing 
Across Stray Capacitance C and Impedance R 


Crosstalk. Crosstalk occurs when a signal being 
transmitted between two gates causes a perturbation of the 
logic level between two other gates. The amplitude of the 
perturbation will depend upon the impedance level at the 
interconnection between these two gates. If they are close 
the impedance will be the same as the output impedance of 
the first gate. 

They can be considered to be close together if the 
propagation delay along the path between them is less than 
half the propagation delay of the logic used. If they are 
close, then it can be considered as in the paragraph above; 
but unless the coupling is high the crosstalk amplitude does 
not threaten the noise margin. If they are not close then the 
formula below gives an approximate value for the 
perturbation. 


It can be shown hae 


1 


Sea aia ee 
(1.5+Zy 1+ Z, ) 
ZX 
where Vj, is the induced voltage between two lines running 
in parallel and Vg is the voltage swing of the logic. 


Vin= 


Z, is the output impedance of gate 1 
Zo is the line impedance 


and Zim is the mutual coupling impedance. 


The arrangement is as in Figure 26. If the impedance 
of the lines is less than 75 Q and the mutual impedance 
between the lines is 400 Q or less, then Vin = < 400 mV. 
The most strigent case of crosstalk occurs when the paths 
are in opposite directions. 


Zo 


FIGURE 26. Crosstalk 
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Line driving. A gate at the input of the line (the 
driving gate) switches and a new voltage level is transmitted 
down the line to a gate at the output (the receiving gate). 
The new level arrives at the receiver after a transition time 
along the line. This transition time depends upon the length 
of the line, and the velocity of propagation (often about 
4-5 ns/m). Reflections of the step will be produced if there 
is a mismatch at the ends of the line. Whether or not critical 
reflections are produced in the line depends upon the gate 
output impedance characteristic, the impedance of the line 
and input impedance characteristic of the receiving gate. 
The waveform at the receiver (and at the driver if this point 
is also driving local inputs) can be at fault in several ways. 
Some of the possibilities are shown in Figure 27. 

At point A in Figure 27, the receiver does not see the 
new logic level until after 3 transitions along the line 
(instead of one). 

At point B in Figure 27, the first step only goes down 
to the threshold. It is, therefore, not possible to be certain 
what the receiver output will be. Furthermore, and more 
important, the receiver is prone to noise for two transition 
times. The cases at A and B are more likely to occur at the 
drive output than at the receiver input and will cause delay 
or false clocking if driving gates at the local end as well as 
the far end of the line. 

At point C in Figure 27 is the sort of waveform that 
can occur at the receiver if there are no clamp diodes. It can 
cause damage in the form of inter-emitter breakdown i.e., if 
one emitter of a multiemitter input transistor is at the 
logical one, say 5 V, and the line takes another input 
negative by one volt then the inputs may breakdown 
because the voltage (5 + 1) exceeds the maximum of 5.5 V. 
The undershoot is reduced by the inclusion of clamp diode 
at the gate inputs. The high level logic voltage is at least two 
transistor base-emitter voltages, 2Vprs, below the supply 
rail, ie., (3.7 V for a 5 V rail typically it will be 3.3 V). If 
one requires to be absolutely certain, in cases where there 
may be transients on the rail or overshoot on the second 
input, one should use single input gates (or gates with all 
inputs together) as receivers and then perform the logic. 


VOLTAGE (Vv) 


(AT ORIVER) 0 2 4 0 2 4 
(AT RECEIVER) 1 3 #5 13 #5 


Point D in Figure 27 shows overshoot and it is 5 
transition times before the logic level is finally correct. This 
makes the system slow, even if precautions such as strobing 
are taken to allow the output to settle. The line output still 
cannot be used directly into any sequential logic as it would 
cause false clocking. The amplitude of any overshoot can be 
controlled by the output characteristic of the driving gate. 

One can anticipate with very good accuracy the 
waveform that will be produced by line driving by using a 
Bergeron diagram.> This is the two impedance character- 
istics of a driver and receiver superimposed on voltage 
current axes. By drawing on load lines the same as the 
characteristic impedance of the transmission line the 
successive voltage steps can be found. Figure 28 shows the 
Bergeron diagrams for the various families. With them are 
given waveforms at both driver and receiver showing what 
useful waveforms can be obtained. They do not contain the 
faults of Figure 27 A, B, C and D, except that the sender 
output often has a fault similar to 27B on the ‘O’ to ‘I’ 
transition. The waveform at the receiver however is 
satisfactory and would give perfect results. If one requires 
to use the sender output locally as well as driving the line, 
as in Figure 29, then there are several alternatives one can 
take. 


FIGURE 29. Output Used Locally as Well as 
Driving the Line 


The first alternative is to wait. That is,one does not 
use the logic signal until it has been allowed to settle which 
will take two propagation times along the line. The second 
alternative is to put in an extra gate especially to drive the 


D E- IDEAL WAVEFORM 


DELAY AFTER INPUT SIGNAL (LINE TRANSITION TIMES) 


FIGURE 27. Line Driving Waveforms 
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VOLTS (Vv) 


VOLTS (Vv) 


VOLTS (Vv) 


—=—=— TRANSMITTER OUTPUT 
—— RECEIVER INPUT 


150 2 LINE 


CURRENT (mA) 


180 2 LINE 


(b) CURRENT (mA) 
5 
4a 
100 2 LINE 
3 ] 
t 
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40 20 20 
(c) CURRENT (mA) 


FIGURE 28. Bergeron Diagrams: (a) Low Power TTL, (b} Low Power Schottky TTL, (cj Standard TTL, 
(d) High Speed, (e) Schottky TTL, ( f) Standard TTL (Sheet 1 of 2) 
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CURRENT (mA) 
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REVERSE TERMINATION 


FIGURE 28. Bergeron Diagrams: (a) Low Power TTL, (b) Low Power Schottky TTL, (c) Standard TTL, 


(d) High Speed, (e) Schottky TTL, (f) Standard TTL (Sheet 2 of 2) 


FIGURE 30. An Additional Gate Can be 
Added to Drive the Line 


FIGURE 31. Reverse Termination of the Line 
Using a Single Resistor 


line, as shown in Figure 30. Then the input to the local gate 
will switch between logic levels normally. The new driving 
gate adds an extra gate propagation delay to the time taken 
for the data to reach the receiver. The third alternative is to 
reverse terminate the line with a single resistor as shown in 
Figure 31. This has the effect of producing the waveforms 
of Figure 28f. 

Supply Current Spike. The two transistors in the 
totem pole do not switch at the same instant due to stored 
charge effects. The result is that at the ‘O’ to ‘1’ transistion 
both transistors are on together for a few nanoseconds. This 
causes the gate to take a spike of current. 

With standard TTL it will be about 3 mA for 15 ns 
whereas for Schottky TTL it will be about 13 mA but only 
for Sns. The amount of charge involved is small and 
1000 pF capacity at the supply terminal is sufficient to 
hold the supply voltage within 100 mV. In practice, 0.1 uF 
every 5 to 10 packages will give adequate smoothing and 
decoupling provided that the power and earth lines are a 
reasonably low impedance. Note that the capacitor and its 
connection must conform to reasonable rf practice due to 
the high frequencies involved. 


SYSTEM CONSIDERATIONS 


System Construction 


There are certain things that should be done as a 
matter of course. The earth and supply system is the most 
important. All of the printed circuit board (pcb) tracks 
should be as broad as possible and above or alongside each 
other to make a low impedance transmission system. 
Ideally, one plane of the board should be devoted to an 
earth plane. The supply track may also be on the same 
plane provided it is regularly decoupled. The whole plane 
will then still act as an ac ground. All interconnections now 


FIGURE 32. Joggled Construction 


have a lower characteristic impedance and so the possibility 
of crosstalk is reduced. 

This arrangement is facilitated by using ‘joggled’ leads 
to dual-in-line packages. Figure 32 shows what ‘joggled’ 
leads look like and how the package and the majority of its 
connections can all be on the same side of the board. 

Whether a complete ground plane is used or not the 
supply rail and earth should be decoupled. 0.1 to 0.01 uF 
capacitors distributed every 5 packages are sufficient 
provided the capacitors are good at high frequencies 
(e.g., ceramic types). The important thing to remember is 
that even if the pulse rate is not high, the edge speed always 
is; each board should also have one high value capacitor to 
supply the differences in current required for gates in 
different states. 

Isolation of the supply rail between boards can be 
obtained by feeding each board through a choke. However, 
it is important to beware of resonances between the choke 
and the large smoothing capacitor. 

Note that the impedance of a very narrow line is not 
changed appreciably by doubling its width. It is, therefore, 
preferable in these circumstances to put two paths in 
parallel. Even for the wide tracks for the supply it is 
advantageous to have two paths and effectively make a ‘ring 
main’. 
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If a high current (ac or dc) is being passed through an 
edge connector more than one contact should be used if 
possible, especially where the board is being removed often 
and contacts may deteriorate. 

The use of joggled packages is not very widespread 
and a few words might help in explanation. As already men- 
tioned a dual-in-line package with joggled leads looks like 
Figure 32. Reflow soldering to the large pad area gives a 
connection which can be inspected very easily, and is 
compatible with military e.g.,MIL, or high reliability 
requirements. Mechanically it is strong both because of the 
area and because the peel strength of the copper has not 
been reduced by drilling. 

Less holes have to be drilled than where the package 
leads are inserted through the board. (Accuracy of better 
than 1 thou is required when drilling for a dual-in-line 
package, both in position and size of the hold, to ensure a 
good solder joint, although this is no problem if using a 
Numerically Controlled drill). The advantage as far as the 
designer is concerned, is the comparative ease of layout. 
Although the pads are long they are thinner than the 
rounded type and it is possible to pass a reasonable size 
track between them. An equal or greater advantage to the 
user is the ease of removing packages. This means both 
easier maintenance and rework of faulty assemblies. 


Extreme Environment 


If one wishes to use the logic in an extreme noise 
environment, then certain precautions should be taken.4 
The whole of the logic, including the power supply should 
be enclosed by a screened box. All leads into and out of the 
box should be filtered as they pass through the wall of the 
box. For instance, it is useless to buy a mains filter and 
then put it in the mains lead two feet from where it enters 
the system. 

The system should be as in Figure 33: the mains 
filter on the outside of the screened box with the filtered 
output going directly through the two adjacent walls. 

All inputs and outputs must also be filtered as they 
enter the system. Interfacing of the logic with controls in 
and drives out can be included in these filters. 

The use of low impedance interconnections in the 
logic reduces crosstalk and coupling. These can be obtained 
by devoting the reverse side of the printed circuit board to 
a ground plane. 

The supply line can also be on the same side as the 
ground plane provided it is broad and regularly decoupled. 
The whole side then becomes an ac ground. 


Output Interfacing 

The output of TTL can drive small loads of up to 
5V, 16mA directly as in Figure 34(a). Current flows 
through the load when the output is low. Figure 34(b) is an 
example of a gate driving a light emitting diode (LED). 

In Figure 35(a) the LED is on when the output is 
high. Figure 35(b) shows how to use the TTL output 
characteristic in conjunction with the load characteristic 
(the LED) to determine the current in the load. 
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FIGURE 33. Measures Used to Protect Logic 
Circuitry in Extreme Environments 


Vcc 5V 


FIGURE 34. TTL Driver Circuits: (a) Driving Small 
Loads, (b) Driving a Light Emitting Diode (LED) 


a) 
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TTL CHARACTERISTIC 


LED CHARACTERISTIC 


mA 


FIGURE 35. (a) The LED is On When the Output 
is High, (b) Plot Showing Current in Load as 
Determined by TTL Output Characteristic 
and LED Load Characteristic 


Ip<16ma _—s*Mfel'B 


270 


b) 


ip = 30+ 15 mA 


FIGURE 36. Two Variations of TTL Drivers 
Using Discrete Transistors 


a) { 
1.6 mA 


b) 


FIGURE 37. Typical TTL Input Interface 


For high power loads, variations of Figure 36(a) and 
36(b) or one of the series of interface devices, such as the 
SN75451, can be used. 


Input Interfacing 


A typical interface circuit is shown in Figure 37. The 
logical “1” state is obtained at the gate input when the 
transistor is off, the resistor taking the input to the rail. 

A logical ‘O’ is at the input when the transistor is 
sinking the input current from the gate and a current from 
the pull-up resistor — in total about 2.6 mA in Figure 37(a) 
(when driving a low power gate it may be 350 MA). 


A TTL gate is like a high gain amplifier at the point 
when the input voltage is on the threshold. There can be 
sufficient stray capacitive feedback between input and 
output to allow oscillation if the input risetime is long. 
Therefore, a Schmitt gate should be used to interface with 
slow edges if oscillations would cause false conditions 
within the logic. These include: 

SN7414 — Hex Schmitt inverter 

SN74132 Quad 2 input Schmitt NAND 

SN7413 Dual Schmitt 4 input NAND 

SN72560 Threshold Detector (Schmitt Trigger) 
The use of a Schmitt also removes the problem of noise 
sensitivity while the input is near the threshold. 

Wire AND. Most Series 74 outputs are standard totem 
poles. However, certain devices have Open Collector out- 
puts where the upper transistor, the diode and resistor are 
removed from the totem pole arrangement, as shown in 
Figure 38. 

The feature of these devices is that outputs of several 
may be wired together to form a multiple AND gate by 
using only one resistor as shown in Figure 39. 


FIGURE 38. TTL Open Collector Gate 


It is an AND in terms of Positive logic in that 
D=A.B.C. 

The overall function from the NAND inputs is an 
AND-OR-INVERT. The middle term often causes the 
method to be called WIRE-OR. 

The value of the resistor R depends upon the 
numbers of gates fanning-in and fanning-out. Two equa- 
tions have to be satisfied which give maximum and 
minimum values in a particular configuration. Table 6 
below shows the values possible. Lower values give higher 
speed, higher values lower power. 

More than seven outputs can be Wire-AND 
connected, although there may be a limit to the number of 
inputs at this point depending upon the configuration. The 
minimum possible value of resistor is determined by the 
number of inputs, each contributing a maximum of 
1.6 mA, and by the current through the resistor. The total 
current must be not greater than 16 mA. 


Rmin (Vcc — Voz) + (1.6) n< 16. 
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FIGURE 39. TTL Wire-AND Configuration 
Table 6 Power Supply 


WIRE. AND OUTPUTS (m) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


= 
oO 


Load Resistor Value in Ohms 
All values shown in the table are based on: 
Logical 1 conditions: Vcc = 5 V, Vout(1) required = 2.4 V 
Logical 0 conditions: Vcc = 5 V, Vout(o) required = 0.4 V 


The value of Rypin thus obtained is independent of 
the number of outputs connected (m), and will be as in 
Table 6. The maximum possible resistor value is found by 
examining the high condition. The current through the 
resistor has to supply the leakage current to the outputs 
(250A max each) and the input currents (40 uA max 
each). This gives the second equation: 


Voc — Vou)/Rmax = m (250) + n (40) 
Rmax = (Vcc - Von)/[m(250) + n (40)] 
Vor = Low-level output voltage 


VOH = High-level output voltage 


Using the above formulae one can select a pull-up resistor 
for use with up to 25 gate outputs. 
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The requirement of the power supply is that its 
output should be 5V with a tolerance of 5 or 10% 
depending upon the logic range industrial or military. The 
requirement is to ensure correct operation. To avoid 
catastrophic failure there must be no overshoot (at switch- 
on for example) because the logic has a breakdown voltage 
of 7 V. 

The low output impedance of the supply may not be 
maintained at high frequencies, however good its nominal 
stability or output impedance. Thus, one will still need 
decoupling for high frequencies. 

A design for a typical 5V supply is shown in 
Figure 40. It includes a Zener diode and fuse. With the 
normal five volt output from the supply the zener does not 
conduct. If the supply is momentarily shorted or there is an 
overvoltage at the input and the series regulator transistor 
becomes a short circuit then the zener diode will stop the 
output voltage rising before the fuse blows. This avoids the 
destruction of the logic in the event of a fault being 
induced in the power supply. 


An Example of TTL In a Control System 


Figure 41 shows a gas boiler controller which is 
typical of the sort of simple system that can be made 
with TTL. 

It is designed to turn on a pilot gas valve and an 
ignition circuit. Then provided a flame has been established 
within four seconds of this the main gas valve is turned on 
and heat is produced. When the required temperature is 
reached, the counter is reset by the thermostat. (If a flame 
had not been produced within four seconds of the ignition 
being switched on, the counter would have been reset, 
switching off the gas valves and ignition. The system would 
then be ‘locked out’ and could only be restarted by manual 
intervention). When heat is required again there is a 
prepurge with ignition and pilot valve being turned on. The 
system is built around an oscillator and a counter. The 
oscillator has a frequency of about 4 Hz. 
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FIGURE 40. A Typical 5 V Power Supply 
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FIGURE 41. Gas Boiler Controller Using TTL 
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FIGURE 42. Timing Waveforms of Gas Boiler Controller Circuit 


With a 4-Hz input, the counter outputs will change at 
the times shown in Table 7. This is shown diagramatically 
in Figure 42. The outputs start from the reset condition, 
i.e., A[B=C=D=E=F=G=H= ‘0’. 


Table 7 
output seconds 
output : seconds 
output : seconds 
output 2. seconds 
output if seconds 
output i seconds 
output seconds 

Output changes after 


A 
B 
Cc 
D 
E 
F 
G 
H 


seconds 


A combination of the outputs can be selected by 
gating so that a signal is obtained at a predetermined time 
after the start of the count. Care must be taken that there is 
no ambiguity in the combination. For example if a delay of 
12 seconds is required, E and F are suggested. However, the 
condition EF, besides lasting from 12seconds to 
16 seconds, also re-occurs at 28 seconds, 44 seconds and 
60 seconds. If only the first interval is required then the 
gated inputs must be E and F with G and H, so that the 
output only occurs when G and H are low. 


Y = EFGH 
If the interval 12 to 14 seconds is required then 
Y = EFGHD 


In the Gas Controller example ambiguities do not 
occur as the count is not allowed to proceed far enough for 
output combinations to occur more than once. A NAND 
gate detects when both G and H are high (‘1’) and controls 
the pilot gas valve and initiates ignition. G, H and E are 
used to operate the main gas valve 4 seconds later. This 
delay need not be 4 seconds. It could be programmed to 
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some other value by choosing a different combination of 
counter outputs. Some examples are given in Table 8. 


Table 8 


5 seconds after HG 
4 seconds after HG 
3 seconds after HG 
2 seconds after HG 


occurs 
occurs 


occurs 


occurs 


The oscillator is made from a Schmitt trigger gate 
with feedback. Two or four input Schmitt trigger oscillators 
can be inhibited by taking an input low. This feature is used 
to stop the clock while the main gas valve is open and the 
boiler is heating, so that the heating time can be as long as 
necessary to satisfy the thermostat. When the system goes 
into lockout due to flame failure and the main gas valve is 
open, a latch is set. This latch can only be reset manually, 
i.e., human intervention is required after a fault. The latch 
can be used to drive a LED to indicate lock out. The 
arrangement of gates as in Figure 41 shows the external 
inputs from the thermostat and flame sensor going into 
Schmitt trigger gates. The advantages are that there can be 
time constants on these inputs to improve noise immunity 
as the inputs switch. These time constants in conjunction 
with that on the lock out latch ensure that the event of 
supply return after failure, the system is not locked out but 
restarts the timing sequence with the prepurge. 


REFERENCES 
1. D.J. Walker, Integrated Circuit Systems, lliffe Books. 


2: B.L. Norris, Semiconductor Circuit Design, Texas 
Instruments Ltd., p265, April 1972. 
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SCHOTTKY TTL 


by David A. Bonham 


Schottky TTL is a family of integrated circuits which has 
the speed capability of emitter coupled logic but is compat- 
ible with, and as easy to use as other families of TTL. 

The circuit configuration used is basically transistor- 
transistor logic but makes use of integrated Schottky-Barrier 
Diode Clamped Transistors.* These, shown diagramatically 
in Figure 1, have a Schottky barrier diode (S.B.D.) from base 


INPUT AND OUTPUT WAVEFORMS SCALES # 1V/div 


—> 2ns/div 
CONFIGURATION SYMBOL on 
FIGURE 1. Schottky Clamped Transistor. 
15pF 
to collector so that they cannot saturate. The latter is due LOAD CIRCUIT 
to the S.B.D. having a forward voltage Vg which is lower - 
than the voltage required to forward bias the collector base FIGURE 2. Propagation Delay when Driving a 
diode of a silicon transistor. The S.B.D. therefore diverts Fan-out of 10. 
_ current from the base of the transistor into the collector so 
that the base-collector voltage is only 300 or 400mV. 
Because the SBD is extremely fast and the transistor does 
not saturate, speed is considerably increased and gold dop- 8 
ing is no longer necessary. This in turn improves yield. e NS 
Propagation delays are reduced to typically 3ns when @ ww 
driving 15pF and 280Q as shown in Figure 2. mr is 
The propagation delays, tpdo (switching from high to 2 ae 

low logic levels) and tpd1 (switching from low to high) in- 2 ‘4 
crease as the load capacitance increases and the relationship = a 
is shown in Figure 3. < es 

oO 2 

am 

a 

0 10 20 30 40 50 60 
LOAD pF 

* Texas Instruments Patent U.S. Patent No. 3463975 (filed 1964, FIGURE 3. Propagation Delays with Capacitive 
issued 1969). Load. 
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Typical D-C Characteristics 

Supply Voltage 

High level output voltage min. 
nV 
nV 


Av. Power dissipation/gate* 


3 
= 


* Duty cycle 50% TA= 25°C 


Speedpower product 


Vec =5V 


ns 
ns 
ns 
ns 
ns 


ee 
— 
~ 
— 
Ww 
oO 
— 
© 
=) 


P 


FIGURE 4. System 74 Characteristics showing Compatibility. 


DEVICE CHARACTERISTICS OF SERIES 748 


Compatibility 

The 54S/74S family is directly compatible with the 
other TTL 54/74 series families and with D.T.L. This means 
that Schottky, High Speed, normal, Low Power, and Low 
Power Schottky TTL, and DTL can all be used together 
with just one power supply and without the need for 
interfacing. 


Noise Immunity 


FIGURE 5. Input and Output Voltages 


By taking the differences between the input and out- 
put voltages in Figure 5, the following noise margins are 


obtained: 
“1? state typical : 1.9V, guaranteed: 0.7V 


‘0’ state typical : 1.1V, guaranteed: 0.3V 
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These figures are enhanced by circuit and geometry 
alterations, which have reduced the output impedances of 
the gate to 50Q in the ‘1’ state and to the order of 1082 in 
the ‘0’ state. (As gates are usually driven by other TTL gates 
it is the output impedances, being lower, which are import- 
ant for noise considerations. If an input is driven by a high 
impedance non-ITL output, although the noise margin will 
be the same, less charge will be required to exceed it). Con- 
sider a situation as in Figure 6, where a noise source of volt- 
age V1 is coupled by 10pF stray capacity, say, to the line 
between a gate output and a gate input. The output imped- 
ance of the gate is Z and the voltage induced into the line is 
v2. 


V2=V1. Z/(Z+X,) 


where X¢ is the reactance of the capacitor. 


If the noise immunity of the gates is 0.7V, then the 
maximum noise source voltage which can be tolerated is 
given by: 

V1 =V2.(Z+ X,-)/Z where V2 =0.7V 


At 80MHz for a gate with an output impedance of 
502. V1 = 3.5V, but for a gate with an output imped- 
ance of 2000Q, such as D.T.L., V1 = 0.8V. 


FIGURE 6. Noise Coupling 


At 1MHz for 500 output impedance V1 = 220V, 
whereas for 20002 output impedance V1 = 6.3V. 

In the above example (i.e. with 10pF stray capacity), 
it means that because of the low output impedance a noise 
source voltage of 220V at 1MHz is needed to exceed the 
guaranteed noise margin of a gate, whereas the same noise 
margin is exceeded by 6.3V if output impedance is 20002. 
Thus the lower output impedance gives better protection 
from a capacitively coupled noise source. 

A.C. noise immunity is a function of frequency, imm- 
unity rising as the noise pulse width decreases towards the 
propagation delay of the gate. Figure 7 shows noise immun- 
ity against pulse width for a typical gate in either state. 


PULSE HEIGHT V 


PULSE WIDTH ns 


FIGURE 7, Noise Immunity 


Temperature Stability 

The only parameter which is affected to any extent 
by temperature is the input threshold which is typically 
1.30V at 70°C and 1.45V at 0°C. Other parameters such as 
the output voltages are stabilised by the compensating temp- 
erature coefficients of the transistors and their diodes. Prop- 
agation delays are constant over the temperature range as 
shown in Figure 8. 
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FIGURE 8. Propagation Delay Comparison Between Schottky TTL and MECL II. 


23 


It should be noted that the guaranteed noise immunity 
is for the whole temperature range and the whole supply 
voltage range of the device. This means that a device in one 
environment will be compatible with a device elsewhere, 
even though it may be at a different temperature and VCC. 
On the other hand, ECL has a noise margin guaranteed for 
one temperature and one VER. Thus all devices in an ECL 
system must be held at equal temperatures and have equal 
VEE to maintain the guaranteed noise margins. A large TTL 
system, however, merely requires ventilation and a Vcc 
supply regulated within 5% for 74S or 10% for 54S. 


Tolerance to Supply Variation 
Input 


The current sourced by the input increases slightly with 
Vcc. The threshold, however, is unaffected (Figure 9). 


Output — Logical ‘1’ (VoH) 


VOH follows changes in Vcc. Thus, if Vcc changes from 
4.75 volts to 5.25 volts; VQOH will also increase by 0.5 volts. 


Output — Logical ‘0’ (VoL) 


VOL is independent of Vcc. However, the knee of the 
typical characteristic moves from 70mA to 80mA as Vcc 
is increased from 4.75 to 5.25 (see Figure 10). 


Speed 


There is a negligible change in switching times (see Figure 
11). . 


PROPAGATION DELAY ns 


SERIES 74 


45 475 5.0 Vec 5.25 Vv 5.5 


Vin — INPUT VOLTAGE — V 


OUTPUT CURRENT ‘lot -mMA 


‘FIGURE 9. Input Characteristic 


OUTPUT VOLTAGE Vo_—V_ 


FIGURE 10, Output Characteristic (Logical ‘0’ 
State }. 


FIGURE 11. Propagation Delay Against Supply Voltage for Various Loads 
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Reactions Occurring with Output Load Changes 

In a circuit, such as Figure 12, where the outputs of 
A and B are both logical ‘0’s, but output B is at a lower volt- 
age, the input of gate C is sourcing 2mA which is being sunk 
by gate B. If the output of gate B changes to a ‘1, so that B 
no longer sinks the 2mA, it is necessary to know whether the 
voltage at the output of A is affected by the sudden demand 
from C for it to sink the current. 


FIGURE 12, Loading Changes. 


In Figure 13, an 8V step is applied to the output of B 
via a 40022 resistor. Thus, there is a sudden demand to sink 
20mA (i.e. a current equivalent to 10 loads). Here, there is a 
slight increase in output saturation voltage due to the in- 
creased current, but there are no significant voltage trans- 
ients. (See Figure 14). Therefore, for smaller currents 
(number of loads) the changes are minimal. 


400{2 


| | 3.4V 
Leela ay 


FIGURE 13. Practical Check. | 


Ov 


A similar situation occurs when outputs A and B are 
logical ‘1’s. When B (in Figure 12) is switched to a ‘0’, the 
input current into C from A, which could be S0uA, changes 
to a new value determined by the emitter geometry. Even 
when applying a current step several orders of magnitude 
larger than any practical change, there was no significant 
fluctuation in the voltage at C as shown in Figure 15. 


Improvements to Basic Gates 

While remaining compatible with the rest of the 74 
family, certain improvements have been made to the basic 
gate apart from that of speed. The circuit of the NAND is 
shown in Figure 16, 


FIGURE 14, Output Waveform (Logical ‘0’) 


$ 


1Ons Cm, 


FIGURE 15, Output Waveform (Logical ‘]’) 


FIGURE 16, Basic Gate Configuration 
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3.0 


2.0 


Vout V 


0.5 1.0 15 2.0 
Vin V 
FIGURE 17. Transfer Characteristic 


An extra transistor (VT6) has been added to the drive 
circuit for the lower half of the totem pole output. This 
gives several improvements, the most apparent being the 
‘squaring up’ of the transfer characteristic (see Figure 17). 
The latter increases the typical ‘1’ state noise immunity. 
Also, due to the addition of transistor VT6 and the. use of 
Schottky transistors, the supply current spike at the ‘0’ to 
‘1’ transition has been reduced. Stored charge in transistor 
VT5 is now negligible and any capacitance on its base is dis- 
charged by transistor VT6. Thus, VTS is turned off sooner 
and the overlap between the top and bottom of the totem 
pole switching is diminished, reducing the current spike. 
Figure 18 shows the height and width of the spikes for 
Schottky TTL. . 
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FIGURE 18. Supply Current During a Pulse. 


These spikes contain very little charge and theoretically 
a few pFs of capacitance are enough to supply the current 
required. It is important, however, to realise that the pulse 
widths are small and high frequency techniques should be 
employed. The lower overlap current means that the average 
power dissipation against frequency plot is improved (see 
Figure 19). Therefore the power supply design is eased as 
the current requirement is more constant. 
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FIGURE 19. Current and Power Dissipation against Frequency 
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The clamping diodes, which are at all the inputs, are 
Schottky barrier diodes. These have a forward voltage of 
400mV. The diode characteristic is shown in the third quad- 
rant of Figure 20 and indicates that the reverse input charact- 
eristic of a Schottky gate has a better resemblance to the 
ideal of a terminating resistor. 


SYSTEM CONSIDERATIONS 


Construction 

Good RF practice should be followed when consider- 
ing layout and construction. Signal wires should be short. 
Long single wires, say 1 metre, can be driven, but due to 
crosstalk, open wires should not exceed 25cm. Where poss- 
ible, wires should be routed close to the ground plane. The 
use of a ground plane is to be recommended or, failing that, 
a low impedance ground line. This should be made as broad 
as possible everywhere although its width may be restricted 
along some parts of its length. 

The supply should have low impedance distribution. 
There are two ways of achieving this. One is to have alow 
impedance transmission line formed by a stripline above a 
ground plane (or a ground line). The other is to use an ordin- 
ary line decoupled at regular intervals by discrete RF capac- 
itors, such as disc ceramics, to simulate a low impedance line. 

Devices should be decoupled by 0.01 to O.1yF for 
every five packages. The capacitors supply any transient 
current so they should be RF types such as disc ceramics. 
They should be distributed throughout the circuit rather than 
lumped together, being mounted as directly between the 
Vcc and ground pins of the packages as is practical. 

A properly decoupled supply line can also be used to 
supplement the ground plane. It can, for instance, be run 
between two signal tracks and used as a shield to remove 
cross-talk. 

A large capacitor should also be included to provide 
some smoothing for the different logic level DC require- 
ments. An inductance, (say 2 to 10uH), can be introduced 
into the supply to each board to minimise the transmission 
of noise from board to board. Its usefulness is, however, 
questionable and it should be assessed for the system con- 
cerned. Care should be taken that it does not resonate with 
the discrete capacitor. The value of this capacitor will de- 
pend upon the output impedance of the power supply as 
seen at the board and upon the inductance, if used. 

Special attention should be paid to line driving and 
receiving gates. The Vcc terminals should be decoupled. 
The capacitor and the transmission line ground should both 
be connected together at the ground terminal. 


Power Supply 

Schottky devices use the same single 5V rail as used 
by the series 74 devices. Supply regulation and ripple need 
not be better than 5%. The average power consumption is 
only 19mW per gate. It will be seen that these points add up 
to give smaller, less critical power supplies and easier cool- 
ing than would be required for current mode logic. Also, 
due to the low dissipation per gate, MSI and complex funct- 


ions can, and are, being produced with Schottky TTL, just 
as with normal TTL. 


Crosstalk 

This is a function of the type of lines used as well as 
their length and environment. Their mutual inductance (M) 
and capacitance (Cm) with the noise source and the reactive 
components of the line impedance, L and C, are important 
factors in determining crosstalk. Thus, coaxial cables are 
better than twisted pairs and striplines, which are in turn 
better than single open wires. 

Coax generally has a low characteristic impedance and 
very high mutual components (i.e. good shielding). Cross- 
talk, therefore, is no problem. Twisted pairs have higher 
characteristic impedances and lower coupling impedances. 
Stripline impedances can vary over a wider range but their 
coupling impedances can still be low. Single wires, while 
being cheaper, have poor noise rejection. 
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SCALES 2V/div , 
200M V/div 


FIGURE 21. Crosstalk — Gate 3 at Logical ‘0’. 
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FIGURE 22. Crosstalk — Gate 3 at Logical ‘1’. 
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FIGURE 20. Bergeron Diagram SN74S00N. 


The photographs in Figures 21 and 22, show the cross- 
talk induced into lines in the’ logical ‘0’ and ‘1’ states. The 
line configuration is as in Figure 23. Values of Cy/C and 
M/L are given for other line spacings in Figure 24. 

The circuit arrangement is as in Figure 26 of Chapter 
1. In Figure 21 the output of gate 3 is at a logical ‘0’ and in 
Figure 22 at a logical ‘1’. In both cases the lower trace 
shows that the voltage transient at the input of gate 4, even 
for lines so closely coupled, does not exceed the noise 
immunity. 


FIGURE 23. Striplines. 


Figure 25 shows the value of stripline impedance for differ- 
ing widths of line; thicknésses of board and dielectric 
constants. 
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If the line lengths are short so that the signal propag- 
ation times are small compared with the rise times of the 
input pulse, the low output impedances form a short time 
constant with the line. Further, since the noise immunity 
increases as the pulse width decreases, the narrow induced 
pulses will not propagate through the gate. 

The case of long lines will now be considered. An 
approximate value for the induced voltage due to crosstalk 
‘is as follows! :- 


Vinduced/Vswing = 1/ (1.5 + Zm/Zo). (1 + Z1/Zo). 


where Vswing is the value of the logic swing, Vinduced is 
the crosstalk amplitude at the affected input, and Z is the 
output impedance of the interferring gate. 

Consider 1mm stripline conductors on 1mm board 
spaced 1.5mm with no ground plane. Zo, the impedance of 
either line to earth, will be of the order of 200Q2. Zr, the 
impedance of one line to the other, will be about 80Q (Zj 
is #1092). 


Vinduced/Vswing = 1/ (1.5 + 80/200). (1 + 10/200) = 0.5 


This would be unsatisfactory using any logic family. If a 
ground plane is introduced under both lines, Zo is reduced 
to about 50Q and Zp rises to 12522. 


Vinduced/Vswing = 1/ (1.5 + 125/50). (1 + 10/50) = 0.21 


in such a system. 
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far end of the line (as in Figure 26). 


FIGURE 24. Capacitive and Inductive Coupling 


Between Two Striplines Spaced by d. 


With TTL having typical noise margins of more than 
one volt and a typical logic swing of 3 volts, crosstalk will 
not be a problem although the safety margin will be reduced. 
It is seen from the above that a ground plane greatly reduces 
crosstalk. Using twisted pairs side by side, Zo changes to 


80Q, say, and Zp goes up to 4002. FIGURE 26. Receivers at Far End Only. 
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FIGURE 25. Stripline Width-Board Thickness Ratio. 


Vinduced/Vswing = 1/ (1.5 + 400/80). (1 + 10/80) = 0.13 


Crosstalk is even further reduced by this configuration 
and TTL, with its high noise margin, can be used successfully 


Line driving is very easy due to the shape of the out- 
put characteristic and the input clamping diodes. These 
diodes are again Schottky barrier diodes and have negligible 
stored charge and a low forward voltage. This gives immed- 
iate clamping with a smaller undershoot. Termination is 
not necessary when driving lines with an impedance between 
50 and 12022 where the receiving gates are in a cluster at the 
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Gates at both ends of a line (as in Figure 27) can 
often be driven, without the need of termination, by careful 
choice of line impedance. For instance, a 100Q line would 
not affect the minimum noise margin, driving a typical 


FIGURE 27. Receivers at Both Ends 


device at both ends of the line. If, however, one is limited 
to using lines of 70Q say, the noise margin of the near end 
receivers will be reduced if no termination is used. (The far 
end receiving gates will still switch and settle after one line 
propagation time). However, by using reverse termination 
this problem can be overcome. (Note that one would need 
some form of termination in an ECL system). A resistance 
of between 30 and 60Q should be used on a 7022 line de- 
pending upon the gate configuration. 

The use of reverse termination does not affect the 
power dissipation of the system whereas line termination, 
which is required for most ECL systems, is expensive in 
terms of power. Examples of the waveforms produced by 
driving lines of various impedances are given in Figures 28 
and 29. These, derived from a Bergeron diagram, coincide 
exactly with oscilloscope waveforms (providing one care- 
fully measures the line impedance, that it is consistent up to 
high frequencies and that good RF construction is em- 
ployed). Comparison between Figure 28 and the photograph 
in Figure 30 shows the usefulness of this method. 

Figure 20 shows the input and output characteristics 
of typical gates arranged as a Bergeron diagram. The 
Appendix explains the working of a Bergeron diagram and 
shows how to predict what voltages will be produced on the 
line. 

The input and output characteristics illustrated in 
Figure 20 can also be used to show what happens to voltage 
and power dissipation when non-standard TTL inputs and 
loads are connected. 


Switching Edge Speeds 

The rise and fall times of edges into TTL, required for 
oscillation-free switching, are dependent upon a number of 
factors. These include source impedance, gate loading, lay- 
out and supply decoupling. Edges usually have to be faster 
as source impedance is increased and decoupling is reduced. 
If decoupling is poor then loading will also have an effect. 
In the laboratory, the basic gate can be shown to be stable 
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SCALE ¢1V/div 


even when driven by slow ramps from a high source imped- 
ance, but in a practical system, edge times should be 5Ons 
or better. This ensures correct operation under worst case 
conditions and in devices such as bistables, relying on differ- 
ential delays for their working. 


FIGURE 30. ‘1’ to ‘0’ Transition for 7590 Line. 
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1. B. L. Norris, Semiconductor Circuit Design, Texas 
Instruments Ltd., p265., April 1972. 
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FIGURE 28. Line Reflections for ‘1’ to ‘0’ Transition (using 50, 75, 100, and 150ohm Line Impedances). 
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FI GURE 29. Reverse Termination for SN74S00 gates. 
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APPENDIX 
Bergeron Diagram 

The Bergeron diagram is a current/voltage plot (see 
Figure 20). The input and output characteristics of the 
device are drawn on the same graph, but with the convent- 
ion such that the current sourced by the input is in the same 
sense as the current sunk by the output. 

The points where the characteristics cross represent 
the usual ‘0’ and ‘1’ state conditions for one TTL gate driv- 
ing another. 

Other load lines can be drawn on the graph to show 
the output or input voltages when TTL is driving, or being 
driven by other circuits. 

Apart from showing the static conditions described 
above, the diagram can be used to predict the voltage and 
current waveforms produced in a transmission line by a 
logic transition. 

In the simple case of one gate driving another via a 
Jong line, the waveforms at the extreme ends of the line, i.e. 
at the first gate’s output and the other’s input, are of princ- 
iple interest. They will consist of a series of steps of various 
amplitudes, but all of time equal to twice the propagation 
delay of the line. 

Figures 31 and 32 show how these amplitudes are 
determined for ‘1’ to ‘0’ and ‘0’ to ‘1’ transitions respect- 
ively. Start at the point representing the logic state before 
the transition. From this point (Point A) draw a load line, 
whose slope is determined by the transmission line imped- 
ance, until it meets the new output characteristic (Point B). 
Point B is the new output voltage Vj, and it will be seen 
that its value depends upon the line impedance and the out- 
put impedance of the sending gate. The current at this 
point discharges or charges the line, BC is drawn with a 
slope equivalent to the line impedance. C gives the value of 
the first step at the receiver. Continuing the procedure from 
C to D, D to E, etc. gives the voltages of further steps alter- 
nately at the input and output of the line. 

If the logic state of the sending gate is changed at 
t=0, further steps at the sender will occur at t = 2T, 4T, 6T, 
etc. and steps will occur at the receiving gate at t = T, 3T, 
ST, etc. (where T is the propagation time for the line). 

Reverse termination can also be examined. There are 
two methods of considering it. In one, the line is driven by 
a gate with a resistor in series with the output, i.e. the out- 
put is modified and calculations are with an unmodified 
line. The second involves the normal gate output driving the 
resistor and line. Note, however, that only the line is conn- 
ected to the gate input in both cases. Figures 33 and 34 illus- 
trate reverse termination. It will be seen that by increasing 
the terminating resistor the waveform at the sender is 
improved while that at the receiver may get worse. Due to 
the deliberate shaping of the gate characteristics, however, 
it is possible to get very acceptable waveforms at both ends. 
Figures 33 and 34 show the use of line impedance as low 
as 5022 with a 40Q resistor giving waveforms better than 
the minimum noise margins. 
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FIGURE 32. Bergeron Diagram ‘0’ to ‘1’ Transition 
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FIGURE 34. Reverse Termination ‘0’ to ‘1’. 
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ill SCHMITT TRIGGERS 


by Bob Parsons 


When high-speed logic gates are driven directly by input 


K - fas 
signals with slow rise and fall times, it is possible for the E z4 
gates to produce false outputs (Figure 1). Oscillation occurs e 2 
. . 7 — 
when the input signal is held in the linear region of the mm 
Vin-Vout characteristic (Figure 2) for a period equal to or ey 
greater than the sum of the gate propagation delays 4 3% 
(tPHL+ tpLH). When this occurs the gate behaves as a = 
linear amplifier with high gain and the various feedback ok 
paths (Figure 3) contribute to instability and consequent co 
false outputs. 2 5 
One solution to slow-rise-time problems is the intro- a L 5 ger sacs FG 
duction of hysteresis in the Vin-Vout characteristic with a 2% + PERMISSIBLE-of Ve (volte) RE CPERMISSIBLE INPUT:---* 
. . (o) tn (Volts er 
discrete Schmitt trigger arrangement shown in Figure 4. az eee RANGE FOR LOGICAL * 1 
FIGURE 2. Typical Transfer Characteristics 
for SN54/7400 Gates 

UNIJUNCTION LON NOLTAGE 

OSCILLATOR INE-WAVE SOURCE 4 

TRANSFORMER 

COUPLING TO INTEGRATING 

POWER LINE AMPLIFIER 

INPUT 7 
VOLTAGE FIGURE 3. Gate Behaving as Linear Amplifier with 


Possible Feedback Paths 


OUTPUT 
VOLTAGE 


(a) 


INPUT VOLTAGE 


INPUT VOLTAGE 
| | | lj OUTPUT VOLTAGE { : 
! J 
| ___fenrroFvorrace 
FIGURE 1. Generators of Slow Rise and Fall Time 
Signals. Reaction of a high-speed 


logic gate to these signals FIGURE 4, Schmitt Trigger Using Discrete Components 
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The Schmitt trigger’s positive feedback introduces a snap 
action that eliminates oscillation. Another advantage of this 
hysteresis is the increased d-c noise margin. D-c noise 
margin is defined as the difference between the guaranteed 
logic-state voltage limits of a driving gate and the voltage 
requirements of a driven device. 


This circuit however, is not temperature-stable. The* 


Vin — Vout characteristic, when plotted against temperature, 
shows variations in both threshold and hysteresis. In addi- 
tion to the disadvantages of containing discrete components, 
the circuit will only operate correctly when driven from a 
low source impedance. 

The SN54/7413/4 and SN54/74132 are monolithic 
ICs providing Schmitt trigger action. An important feature 
of their design is the stability of the hysteresis and thres- 
hold levels over a wide temperature range. Typically, the 
hysteresis changes by only three percent, and the upper 
threshold by one percent over the temperature range of 
-55°C to 125°C. The hysteresis provided by these Schmitt 
triggers is shown in Figure 5. 

For convenience, reference is made in this chapter 
only to the industrial range of devices, i.e. Series 74, but, of 
course, all statements are applicable to the military range, 
i.e. Series 54. 


Vcc 75 V 


OUTPUT VOLTAGE, Vout (VOLTS) 


0 08 1.6 2.0 
INPUT VOLTAGE, Vj, (VOLTS) 


FIGURE 5, Vea an Characteristic of SN7413 


Showing Hysteresis 


CHARACTERISTICS 


The SN7413 dual Schmitt trigger consists of two 
identical Schmitt trigger circuits in monolithic integrated 
circuit form. The internal circuitry does not resemble 
Figure 4 but has simpler faster arrangement. Logically, each 
circuit functions as a 4-input NAND gate, but because of 
the Schmitt action the gate has different input-threshold 
levels for positive- and negative-going signals. The 
hysteresis, or backlash, which is the difference between the 
two threshold levels, is typically 800 mV (see Figure 5). 

The SN7413 is fully compatible with many TTL 
families because it has a totem-pole output section and 
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multiemitter-transistor inputs clamped by diodes to the 
substrate. The logical‘l’ and‘0’ output levels (referred to in 
the data sheet as ‘high’ and ‘low’ respectively) are 
identical to those of standard TTL. The propagation delay 
from input to output is typically 16 ns. 

Figures 6 and 7 show the input-output voltage 
characteristics of the SN7413. Figure 6 shows input voltage 
Vin plotted versus output voltage Voyt at 100 kHz. 
Figure 7 shows input current Ijn plotted versus Vin. For 
Vin less than —0.5 V, the internal clamp diodes conduct. As 
the input voltage passes the upper threshold, the input 
current decreases rapidly due to the turning off of the 
multiemitter input-transistor. The transistor remains turned 
off until the lower threshold is passed, the input current 
then being determined by the input characteristics of a 


‘normal TTL gate. The SN7413 can be triggered from the 


slowest of input ramps and still give a clean, jitter-free out- 
put signal. It can also be triggered from straight d.c. levels. 


OUTPUT VOLTAGE 
Vout (1 V/DIVISION) 
— 


° 
< 


OV —___» 
INPUT VOLTAGE, Vj, (200 mV/DIVISION) 


FIGURE 6. Input Voltage versus Output Voltage 
Oscillograph for a Typical SN7413 


INPUT CURRENT 
(—0.5 mA/DIVISION) 
——_» 


—— 
INPUT VOLTAGE, Vj, (200 mV/DIVISION) 


FIGURE 7. Input Voltage versus Input Current 
Oscillograph for SN7413 


The SN7414 consists of six Schmitt trigger inverters 
and the SN74132 four two input NAND Schmitt triggers in 
14 pin packages c.f. SN7404 and SN7400. Electrically these 
devices differ slightly from the SN7413 — their input 
current at the upper and lower thresholds is -0.43 and 
0.56mA respectively, compared with -0.65 and -0.85mA 
for the SN7413. A low input current eases circuit design 
when the device is used in oscillator or filter circuits. 


APPLICATIONS 


One of the most direct applications of the Schmitt 
trigger is as a pulse-shaper interface between slow rise and 
fall input signals and a fast TTL gate. 


Pulse Shaper 


There are many instances where available input 
signals are not compatible with TTL. For example, a data 
waveform might have rise and fall times greater than lus, 
but TTL requires edges less than 150 ns for good noise 
immunity. The circuit shown below, Figure 8, enables TTL 
to be driven from such sources. 


Vec 


FIGURE 8. Schmitt Trigger SN7413 Used in a Circuit 
That Shapes Input Pulses to Make them 
Compatible with TTL Device Requirements 


The maximum permissible value of source resistance 
Rg is determined by the maximum current that flows out of 
the input, when the input is at a logical ‘0’, i.e., below the 
minimum lower threshold voltage and the required noise 
margin. This logical ‘0’ input may be derived from a TTL 
output or from an external input. 

The circuit ‘ noise margin’ when in the logical “‘0” 
State is defined as the difference between the logical ‘‘0” 
voltage present at the input to the Schmitt and the minimum 
value of the upper threshold. To ensure a noise margin of 
1.1V when the input is at 400mV the minimum upper 
threshold is guaranteed to be >1.5V. The minimum value of 
the lower threshold is specified as 0.6V on all devices, and 
the input current is -1.6mA and -1.2mA maximum for the 
SN7413 and SN74132/14 respectively, at an input voltage 
of 0.4V. 


Calculation of the maximum value of Rg 
Referring to Figure 9, the maximum value of Rg for a 
noise margin of 1.1V is given by 


Rs(max) = (VT+(min) ~ VNM)/lin(max) 


where VT+(min) = the minimum upper threshold 
value, 


Vcc 


R1 


FIGURE 9. Variables Used in the Determination of the 
Maximum Value of Rg for a Given Noise Margin 


VNM = the required noise margin 
and lin(max) is measured at a voltage of 
VT+(min) - VNM 


. For an SN7413 Rg(max)= (1.5—1.1)/1.6 x 10° 
= 2502 

For an SN7414/132 Rs(max)= (1-5—1.1)/1.2 x 10° 
= 3339 


For noise margins other than 1.1V, the minimum value 
of the internal base resistor R1, with reference to Figure 10, 
must be determined from the data sheet in order to calculate 
the maximum input current at any voltage. As illustrated in 
Figure 10, the minimum value of resistor R1 is given by 


Ri min = (VCC(max) as VBE(min) ~ Vin)/Imax 


Vcc 


R1 


FIGURE 10. Variables That Determine the Minimum 
Value of Internal Base Resistor R1 
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.. For an SN7413 


Rl min = (5.25—0.65—0.4)/1.6 x 107° 
=2.63 kQ 
For an SN7414/132 


Rl min = (5.25—0.65—0.4)/1.2 x 10° 
= 3.50k2 


For a noise margin VNM, the maximum value of Rg is 
given by 


Rs(max)= (VT+(min) ~ VNM)-Rlmin/ 
[VcCC(max) ~ VBE(min) ~ (VT+(min) 
~ VNM) |] 


(1.5 - VNM)-R1lmin/[Vcc(max) 
- 0.65 - (1.5 - Vn) | 


Therefore for a noise margin VNM of 900mV, 
VcCC(max) = 5.0V say, and using the SN7414; 


Rg(max)= (1.5 - 0.9).3.50 x 10*/[5.0 - 0.65 - (1.5 
~~ 0.9) ] 
= 5602 


It should be noted that if too low a value of noise 
margin is chosen, then the value of Rs(max) obtained will be 
high enough to prevent the input to the Schmitt being taken 
below the lower threshold. This maximum value may be 
determined approximately from 

Rs(max) = VT-(min) /Tin 
the minimum lower threshold 
value 
is the typical input current at the 
lower threshold. 


where VT-(min) 


and lin 


This gives values of 700 © and 1.0 kQ for the SN7413 
and SN7414/132 respectively. 
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Pulse Stretcher 


The circuit shown in Figure 11 uses the internal base 
resistor, i.e. 4.0 or 5.3 kQ, of the Schmitt multiemitter 
input transistor as one of the timing components. 


Vcc 


822 
[> 


1/4 SN7401N 


Cc 
SCHMITT TRIGGER 
1/2 SN7413 
FIGURE 11. SN7413 Being Used in a Pulse-Stretcher 


Circuit. 


There is a small delay between the leading edges 
of the input and output pulses, due to the time taken 
to discharge capacitor C through the saturation resis- 
tance of the output transistor of the SN7401 open collector 
NAND gate and the series current limiting resistor. 

For high repetition rates and large values of capaci- 
torC, the mean dissipation in the SN7401 output stage 
should be limited to 60 mW or 35 mA or 16 mA steady- 
state current 

Typical operating waveforms for this circuit are 
shown in Figure 12. 


INPUT 
2 V/DIVISION 


OUTPUT 
2 V/DIVISION 


1 us/DIVISION 


FIGURE 12. Typical Operating Waveforms. for Pulse 
Stretcher Circuit in Figure 11 


Sine-to-Square-Wave Conversion 

Sine-to-square-wave conversion, one of the simplest 
applications of the Schmitt Trigger, is illustrated in 
Figure 13. 


SCHMITT TRIGGER 
1/2 SN7413 


FIGURE 13, SN7413 Used in a Circuit for 
Sine-To-Square-Wave Conversion 


The resistive divider R2 and R3 biases the Schmitt 
trigger input midway between the upper and lower 
thresholds. This gives a 50 percent duty cycle with 
sinusoidal inputs. The values of resistors R2 and R3 
may be determined as follows: 

The voltage at the multiemitter input is given by 


V, = (1, +1,) R3 


where VT; and V72 are the upper and lower Schmitt 
trigger thresholds. Therefore 


(VeeeNG= Vpp)R1] R3 


or R3 =V)/ [cc —V,)/R2+ (1) 


(Voc - Vi ~ Vpp)/ Ri 


(Voc-V)) R3R1 
and R2 = 


(2) 
E V)-R3 (Voc-Vpr -v1) 


Typical values for the variables in Equations (1) 
and(2) are VT,=1.7V, VT2=0.9V, Vcc =5.0V, 
VBE = 0.75V, and R1 = 4.0 and 5.3 kQ for the SN7413 
and SN74 14/132 respectively. 


Thus choosing resistor R3=470Q2, and _substi- 
tuting in Equation(2), we have R2= 1.83 kQ; that is 
R3 = 470 2 and R2=1.8kQ in preferred values. 

If R2 = © then Equation (1) becomes 


RI 
2 [(Vcc—-Vpp)/ y*V7) 4 


Substituting values for the SN7413 in this equation gives 


R3 = 


R3 = 1.76 kQ or 1.8 kQ 


The circuit of Figure 13 is suitable for use up to 
8 MHz with sinusoidal inputs. The value of capacitor C 
should be such that its reactance at the operating fre- 
quency is very much less than R2 R3/(R2 + R3). 

Typical operating waveforms obtained with the 
self-biased mode at 1 MHz are shown in Figure 14. 


INPUT 
SINE WAVE 


1 V/DIVISION 


OUTPUT 
SQUARE WAVE| [| 
2 V/DIVISION | 5 


+ 
100 us/DIVISION 


FIGURE 14. Typical Operating Waveforms for the 
Circuit in Figure 13 


R-C Multivibrator 
The circuit of Figure 15 forms the basis of a 
versatile wide-frequency range clock-pulse source. 


SN7413 
| WHEN THE OUTPUT IS TIED 


DIRECTLY TO INPUT, DEVICE 
OSCILLATES AT 30 MHz 


Cc 


FIGURE 15. SN7413 Used in a R-C Multivibrator. 


The circuit is self-starting and a frequency range 
of 8 decades is possible by changing the value of capac- 
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itorC. Circuit operation is as follows: Initially capac- 

itorC is discharged and the Schmitt output is at a 

logical, Capacitor C then charges towards (VCC VBE-Vp) 
through resistor R and the emitter follower and diode of the 

totem pole output stage, until the upper threshold voltage is 

reached. The output then changes to a logical ‘0’ and 

capacitor C discharges to the lower threshold voltage through 

resistor R. The cycle then repeats. 

The limiting values of resistor R are determined by 
the voltage dropped across it when the input is ap- 
proaching the lower threshold and the output is at a 
logical‘O? The lower value is determined by the output 
impedance of the Schmitt trigger in the logical'‘l state. 
The output voltage should be sufficient to ensure a 
logical‘! at the input of succeeding stages when the 
input to the Schmitt trigger is at the lower threshold 
voltage. The calculation of the resistor’s optimum value 
for a given load is lengthy 

Figure 16 is a graph of pulse-repetition frequency 
versus values of capacitor C. 


1000 uF 


Vcc =5.0V 


100 uF 


10 uF 


1.0 uF 


0.1 WF 


TIMING CAPACITANCE, C 


0.01 uF 


1000 pF 


1 Hz 10Hz 100Hz 1kHz 10 kHz 100 kHz 1 MHz 


PULSE REPETITION FREQUENCY, f 


FIGURE 16. Graph of Pulse-Repetition Frequency 
versus Values of Capacitor C 


Typical waveforms associated with this circuit are 
shown in Figure 17. 

The duty cycle is less than 50 percent due to the 
internal 4-kQ) resistor on the base of the input multie- 
mitter transistor, acting as a current source. If a 50 per- 
cent duty cycle is required the circuit may be modified 
as shown in Figure 18. Here the ratio of the discharge 
time-constant to charging time-constant is reduced by 
approximately (1+R1/R2), by including the additional 
feedback path formed by resistorR1 and diode D1 in 
parallel with resistor R2. For 50 percent duty cycle with 
R2 = 3902, R1 should be 120Q. The waveforms asso- 
ciated with this circuit are shown in Figure 19. 
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SCHMITT 
OUTPUT 


2 V/DIVISION 


SCHMITT 
INPUT 
0.5 V/DIVISION 


——_» 
10 us/DIVISION 


FIGURE 17. Typical Operating Waveforms for the 
Circuits in Figure 15 


R1 D1 


FIGURE 18. Circuit in Figure 15 Modified for 
50 Percent Duty Cycle 
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FIGURE 19. Typical Operating Waveforms 
for the Circuit in Figure 18. 


Gated Oscillator 

The circuits of Figures 15 and 18 may be modi- 
fied to function as gated multivibrators by the addition 
of an SN7401 open-collector NAND gate as shown in 
Figure 20. 


1/4 SN7401 1/2 SN7@13 


c 
oy INPUT ~L_—______J- 
output LIU UL 


FIGURE 20. Circuits in Figure 15 and 18 Modified 
as Gated Oscillator 


An additional feedback path from the output of 
the Schmitt to the input of the SN7401 prevents the 
gate signal from acting until the output of the SN7413 
is at a logical 1. This ensures that the oscillator always 
produces an integral number of cycles. 

Since the capacitor C has to charge from ground 
potential to the upper Schmitt trigger threshold before 
an output is produced, there is a delay between the 
positive-going edge of the start pulse and the beginning 
of the output-pulse train. In Figure 21 this time delay is 
plotted against value of capacitorC for R equal to 
390 Q2. 


1000 uF 
100 uF 


10 uF 


TIMING CAPACITANCE, C 
=-_ 
= 
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1000 pF 
Tus 10us 100us tms 10ms 100ms_ 1s 


OSCILLATOR START TIME, At 


FIGURE 21, Graph of Oscillator Start Time 
versus Timing Capacitance 


Typical operating waveforms associated with this 
circuit are shown in Figure 22. 


OUTPUT 


OSCILLATOR 
1 
2 V/DIVISION 


0 


GATE INPUT 
2 V/DIVISION }1 


———> 
10 us/DIVISION 


FIGURE 22. Typical Operating Waveform for Gated 
Oscillator in Figure 20 


Edge Detector 

A useful digital circuit is the edge detector or 
pulse differentiator. The SN7413 can perform this func- 
tion with a minimum of external components. The cir- 
cuit shown in Figure 23 has been, in the past, imple- 
mented with standard TTL but suffered from poor noise 
immunity and high-frequency instability. 


1/4 SN7400 SN7413 


- 


FIGURE 23. SN7413 Used in an Edge Detector Circuit 
or Pulse Differentiator 


Figure 24 shows the operating waveforms asso- 
ciated with the circuit of Figure 23. 


SN7413 INPUT ONG ee op 
OUTPUT ae ee 


FIGURE 24. Operating Waveforms for the 
Circuit in Figure 23 


Figure 25 indicates the range of pulse widths obtain- 
able with this circuit. 
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FIGURE 25. Graph of Timing Capacitance versus 
Pulse- Width for the Circuit in Figure 23 
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FIGURE 26. A Simple Edge Detector 


A simple circuit, but of lower noise immunity is 
shown in Figure 26. This circuit operates on a logical'!’ to 
logical'O transition. 

The input Schmitt trigger is biased at the upper 
threshold voltage by resistor R. The input current at the 
upper threshold is ~-0.65mA giving a minimum value of 
resistor R = 2.6 kQ. for an upper threshold voltage of 1.7 V. 


REFERENCE 


1. Information on using Schmitt trigger integrated circuits 
as filters/interface elements is given in the next chapter 
and B.L.Norris ‘Semiconductor Circuit Design’, Texas 
Instruments Limited pp256—258 April 1972. 
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IV THRESHOLD DETECTOR 


by Odin van Woerdekom 


The Schmitt trigger integrated circuits described in the 
previous chapter have input currents similar to that of 
standard TTL. This precludes their use in high impedance 
low current circuits such as timers and low frequency 


oscillators. The SN52/72560 is a precision level detector - 


intended for applications which also requires a Schmitt 
trigger function,and uses standard analogue techniques to 
obtain its low current high impedance input. It also features 
excellent voltage and temperature stability, an internal 
reference for the threshold level, and is an ideal interface 
between high impedance sources and logic systems. The 
logic function is non-inverting and has a wide hysteresis in 
the positive and negative threshold voltage levels (see Figure 


1). 
CIRCUIT DESCRIPTION 


The device consists of 4 parts (see Figure 2): 

e a differential input amplifier 

e a hysteresis circuit 

e a reference circuit 
and @ an output stage. 

The input stage is a differential amplifier composed of 
transistors VT1, VT2, VT3 and VT4. The input signal is 
applied at the base of transistor VT1, while the base of 
transistor VT2 is connected to an internal reference voltage 
whose value is determined by resistors R4, and RS and 
voltage Vee: i.e. 


If the base of VT1 is less positive than the base of VT2, 
VT2 conducts and causes VT4, VTS, VT7, VT8 and the 
output transistor, VT9, to conduct. Transistors VT2 and 
VTS share the current in emitter resistor R1. Since VT1 
does not conduct, VT3 and VT6 do not conduct. As there 
is no base current in VT1, and therefore no current is requi- 
ted from the input source, avery high input impedance exists. 
Since transistor VT2 is conducting, a small voltage drop 
exists across resistor R3 due to its base current. 

If the input voltage is increased, transistor VT1 does 
not conduct until the input voltage (its base voltage) 
approaches the base voltage of transistor VT2. Current is 
then switched from the emitters of VT2 and VTS to the 
emitter of VT1. Conduction in VT1 causes current to flow 
in VT3 and VT6 which results in additional voltage drop in 
resistor R3 and therefore a reduction in the base voltage of 
VT2. This positive feedback accelerates the switching action 
and causes transistors VT2, VT4, VT5, VT7, VT8 and the 


Vout V 


HYSTERESIS 


sf ery rs 


Vin V 


0A 08 


FIGURE 1. Transfer Functions of the 
SN52/72560. 
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FIGURE 2. Schematic Diagram. 


output transistor, VT9 to turn ‘off’ rapidly. Conduction in 
VT6 causes the base of VT2 to assume a voltage (approx- 
imately 0.6V), which is much lower than the original 
reference voltage (approximately 3.0V). This results in 
hysteresis between the positive-going and negative-going 
threshold levels. 

After switching occurs, the base current of VT1 
increases to a value greater than just below the threshold 
level because of the higher operating current of transistor 
VT1. Once the positive-going threshold level (# + 3V) has 
been reached, the input must be reduced to the negative- 
going threshold level (= + 0.6V) before switching back to 
the original state will occur (Figure 1 illustrates the thres- 
hold levels). If the source impedance is relatively high, a 
reduction in the input voltage will result. If the input 
voltage is not reduced below the lower threshold level, a 
stable state will exist. If the impedance is too high oscillation 
or periodic switching may occur. 

The data sheet guarantees a positive-going threshold 
level (V74) of +3 + 0.20V at a Voc of t5V. It is also 
approximately 60 + 4 percent of the supply voltage over 
supply voltages of +2.5 to +7V. 

The output is capable of sinking up to a maximum of 
160mA and is guaranteed at a TTL — compatible output 
‘on’ voltage of 0.4V maximum, to sink a current of 48mA. 
With the appropriate output pull-up resistor (Ry = 2.0kQ), 
a fan-out of 30 TTL loads can be accommodated. Figure 3 
shows how to increase the output (sink or source) current. 
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FIGURE 3. Increasing the Output Current Capability 


RANGE OF OPERATION 


As stated, the input impedance is limited, due to the 
fact that the input current I7+ is typically 2nA and the 
holding current Thy is 1.2uA. The maximum value for the 
source resistance, R;,,max,for stable operation is: 


but for safe operation, it is better to take a 0.5V noise 
margin above the negative threshold value Vr_- This makes: 


2 Vcc ~ (Vr- + 0.5) 


R; ,,max ly 
Example: 
Vcc = 5V 
Ty = 1.2QuA R, ymax * 3MQ 
Vr = 0.6V 


A disadvantage of this device is that for frequencies 
above 1kHz, the Vy- level suddenly changes to the same 
value as V-p,. This makes the integrated circuit useful only 
when 


Dae < ikHz 
| 
| 
| shy 
Vin | 
| 
| 


| te >500ns 


Ee 


Vout 


HYSTERESIS 


DEPENDENT ON ty 


The change of Vry- is actually not a function of the 
frequency but of the fall time (see Figure 4). This means 
that the minimum fall time for correct operation has to be 
longer than 0.5ms. 

The variation threshold voltage with temperature is 
shown in Figure 5 for a value of Voc = 5V. The change is 
less than 4mV/°C for V+ and about 1.4mV/°C for Vr-> 
over a temperature range of 0 to +70°C. 
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FIGURE 5. Vy. and Vr_ as a Function of 
Temperature. 
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APPLICATIONS 


Bounceless switch 


The circuit diagram in Figure 6(a) shows the SN72560 
connected to provide a ‘bounceless’ switch. As soon as the 
switch Sw is opened, capacitor C will be charged through 
resistor R, and when the threshold voltage Vr + is reached, 
the output goes ‘high’. If, during the charge time, switch 
Sw bounces and closes, capacitor C will discharge and 
nothing will be seen on the output until bouncing ceases. 
When the switch is closed, the output changes directly to 
zero. When a bounce occurs, nothing is seen on the output, 
if C is not charged far enough. This is shown in Figure 6(b). 


Vcc 


SN72560 
OUTPUT 


(a) 


CONTACTS 
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vracrs | | LU | LU L 
| 
| 


| 
Vv 
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FIGURE 6. Bouncefree Switch Interface. 
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Delay switch 


As an extension of the previous application, it is easy 
to see that by increasing the value of components CR, the 
delay between the opening of the contact and the reaction 
at the output becomes longer (see Figure 7). This time is 
given by t = 0.9CR. 


Vcc 


SN72560 O OUTPUT 


VT+ 


Vout 


FIGURE 7. Delay Circuit. 


High values (3MQ) of resistor R are not possible 
as previously stated. 

2. High values of capacitor C have leakage 
currents which modify the input equivalent 
circuit to that shown in Figure 8. The time t 
will change also, therefore, to: 


t = 2.3CR x k x logyq(1 - Vz4/kVec)™ 


where k = R'/(R + R’) 


Vcc Vec-k 
Vec:k 
FIGURE 8. Equivalent Circuit with a ‘Leaky’ 
Capacitor. 


Example: R= 1MQ; R’ = 10MQ; C = 100uF; Voc = 5V 


6 
10x ve) x (100 x 10°) 


t=2.3x(1x 10°) x 


x log; g(1/1-3 x 11/10 x 5) 
t = 96s 
If R’ = 00, t= 925 


Long delay time 


In this application (see Figure 9), resistor R can be 
made much higher than 1MQ, because, if the output is low, 
diode D is reversed biased and the delay time is determined 
only by the values of components C and R. As soon as 
voltage V+ is reached, the output goes ‘high’; diode D will 
be forward biased and will deliver the extra input current 
necessary to keep the input ‘high’. The upper limitation of 
the value of resistor R is now: 


1. The leakage resistance of capacitor C. 
2 The reverse resistance of the diode and the 
resistance Rp. 


BRE? Rp) 
Note: in this application, Ry, <Rr, and R+Rp+Ry 3MQ 


Another way of obtaining long delay periods is given 
in Figure 10. As soon as the contact is opened, the capacitor 
C is charged up by the base current of the transistor. This 
means that the time is t = hppCR where hpr is the current 
gain of the transistor. The timing period is hpp dependent, 
but the advantage is that one does not need such a large 
resistor or capacitor as in the previous circuit. 


D 


| 
| SN72560 


FIGURE 9. Long Delay Timer. 
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FIGURE 10. Alternative Long Delay Timer. 
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Bistable switch (Figure 11) 


On depressing the OFF switch, the input is kept ‘high’ 
via feedback resistor Rp. When the ON switch is pushed, 
the input is held low via resistor Rp. If both are pushed at 


the same time, there is a short circuit. Therefore, it is better 
to add a resistor R as shown in Figures 11 and 12. In Figure 


11, the output will be ‘on’ and in Figure 12 ‘off, if both 
switches are pushed at the same time. 


Vcc 


OUTPUT 


RF 


SN72560 : 


OUTPUT 


FIGURE 12. Alternative Bistable Switch. 


48 


Thermostatic trip 


A possible configuration is shown in Figure 13. 
Assume a thermistor with a negative temperature coefficient 
is being used. When the thermistor is cold, the input of the 
integrated circuit will be below Vy+ and the output at °O’. 
As the temperature rises, so does the input voltage. If the 
temperature reaches the critical point, Vy+ the output goes 
to Tl’ and is latched there via diode D, regardless now of 
the resistance of the thermistor. In this case, there is the 
following relation between R and R,: 


ae ey 
Rt Ry Vcc : 
or 2R 
Ry < ao 


The system can be reset by pushing the button fora 
short time, (ie opening the contact). 


+Vecc 
THERMISTOR Lj 
SN72560 OUTPUT 
_ ; 


RESET 


INPUT 


OUTPUT 


FIGURE 13. Thermostatic Switch. | 


Monostable multivibrator (one shot) (Figure 14) 


Requirements: 

(a) output independent of input pulse width 

(b) output independent of Vcc 
and (c) output independent of temperature. 

On the input an AND gate is made with 2 diodes (D1 
and D2). (Diode D1 is not required if the input is driven by 
an open collector transistor.) The input signal is connected 
to D1, while D2 holds the input low during the output pulse. 
During the timing period, the voltage at point a must be 


greater than that at point b, so that the voltage at c is - 


determined by b. The voltage swing on the input necessary 
to trigger the multivibrator must be greater than Vp (which 
depends upon Vcc)- This input step must swing down to a 
voltage between Voc - Vp > Vp and earth. This is because 
any portion of a swing above Vcc has no effect. 

To have a pulse width time independent of the input 
amplitude (within above mentioned limits), point d_ is 
clamped at Vp + Vp3- This has the advantage that as soon 
as Vy, is reached, point d is stable and the next trigger 
pulse can occur soon after the circuit pulse width time. 
This reset time is determined by components R1 and C. 
The negative-going input pulse is clamped by diode D4 at 
~Vp4- This makes point d always swing between VrtVp3 
to -Vp 4. The negative output pulse starts on the negative 
edge of the input pulse. The time is about 0.9 RC since 
capacitor C is charged from about 0 volt to Vr+- 


Vee 


R3 


SN72560 t2R2C 


DIODES 
1N914/1844 


FIGURE 14. Monostable Circuit. 


OUTPUT 


Temperature stability 


Because V4 Ttises with temperature and Vp4 de- 
creases, the system compensates itself. This also happens 
with Vp, because-Vp rises with temperature and Vp3 lowers. 

To obtain a very long time, C must be large if one 
uses the circuit in Figure 14. Resistor R2 cannot have a 
value greater than 1M&, but, by applying the method used for 
the long delay timer shown in Figure 9, one gets the circuit 
in Figure 15. 

In this case, resistor R2 can be 30MQ, and its value 
is only limited by the leakage current of diode DS and 
capacitor C, 


Vcc 


R2 <30mQ. 
DS 


7 ; OUTPUT 
SN72560 


ad 


FIGURE 15, Long Period Monostable. 
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Astable multivibrator 


To make an astable multivibrator with this integrated 
circuit, it is necessary to add an invertor in the system. The 


simplest possibility is shown in Figure 16. If point S is low, © 


capacitor C can be charged via resistors R1 and R2. Ifs is 
high, capacitor C is discharged via resistor R1. 

This means that times t, and t (see Figure 17) are 
easy to calculate: 


Vane 
t)=(RI1+R2)C. In —t 
CC” *T+ 
Vv 
and t)=R1LC. In 


In this application, the following condition is required 
for a clean output: 


Rl > R2 


If the following values are used: 


Veco = 5V R3 = 8.2kQ 

R1 = 150kQ R4 = 10kQ 

R2 = 2.2kQ C = 22nF 
one gets: 

t, = 0.8(R1 + R2)C = 2.7ms 

ty=1.6.R1.C = 5.3ms 


SN72560 


FIGURE 16. Astable Multivibrator. 
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FIGURE 17. Astable Multivibrator Waveforms. 


The previous formulae are valid only if Ip, and Iyoig 
are small in comparison with the charge and discharge 
current of the capacitor. 

According to the data sheet, Ipy,)q is typically 1.2uA. 
The saturation voltage of the transistor is about 0.2V. 

The current in resistor R1 must be higher than the 
THold: 1n other words: 


0.6 - 0.2 = 
Rl > Wold = 1.2uA 


or RI < 330kQ 


In practise, to allow for worst case values, resistor R1 
must be less than 200kQ. 

The system is subject to variations of supply voltage 
Vcc and temperature, but has the advantage of being very 
simple and it is easy to vary the frequency over a wide range. 

The circuit in Figure 18 can be used for low frequen- 
cies. The charge path for the capacitor from Vy_ to Vy, is 
through resistor R2. The resistor is limited to 3MQ because 
it is equivalent to R;,,max which was calculated earlier. The 
value of resistor R1 must be such that the capacitor can be 
discharged to a voltage Vg which is less than the negative 
threshold Vy_. The discharge path, as drawn in Figure 19. 
shows that: 


‘s Rl 
Vo = Vcr(sat) * RP + Ro VCC ~ Ver (sat)) < VT- 


Voc- Vr 
or R2> RI a 
T= CE(sat) 
If Voc = 5V and Vy_ = 0.4 R2 > 23R1 
or : Ri <a 130kQ 


or: 


In this condition: 


Ne. 
CC” T+ 
V. 
ty = R1.C. In ~ 
T- 
5 fies 0.8 R2.C 
only valid for Voc =5V 
t, > 1.6 R1.C 
Vec 


5 


FIGURE 18. Low Frequency Astable 
Multivibrator. 
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R2 


R1 
Vo 


VCE (sat) 


FIGURE 19. Circuit Discharge Path. 


OUTPUT 


It will be noticed that frequency and pulse width can 


be adjusted independently. 


Of course, it is possible to include one of the tech- 


niques discussed previously. This is shown in Figure 20. 
In this case, it is possible, if R2 > R5, to use the same 
calculation as before, but instead of R2 one has to calculate 


Vec 


1N914/1S44 
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FIGURE 20. Alternative Low Frequency 


OUTPUT 


BC183 


Astable Multivibrator. 
Practical example: 
R1 = 1.8kQ 
R2 = 10M&22 
R3 = 1002 
R4 = 10kQ freq. = 1 pulse in 184s 
RS = 100kQ 
C = 15uF 
Veco = 5V 
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Optical receiver 


The low input currents of the integrated circuit can 
be used to advantage in optical receivers working over long 
distances. 

Two possible circuit arrangements are shown in 
Figure 21(a) and (b). When light falls on the phototransistor 
PQ the output of Figure 21(a) would go high, whereas the 
output in Figure 21(b) would go low. 

If Ip is the maximum dark current of PQ, the calcu- 
lation for resistor Ro value is: 


a Vec- V 
in Figure 21(a), and Rg < ~<c_R 
: D 


T 
R, < -——— 
O Ip tly 


Vec ~ Yr- 


and ~———-—— , whichever is the smaller, in Figure 21(b). 
In + Vr- 


(a) 


OUTPUT 


(b) 


FIGURE 21. Optical Receiver. 
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V SYNCHRONOUS COUNTERS 


by Gene Cavanaugh 


The SN74160 through SN74163 series of 4 bit TTL 
synchronous counters are designed to eliminate certain 
drawbacks associated with ripple counters. For instance, all 
storage elements are clocked simultaneously to provide 
synchronous operation, minimizing output overlaps or 
“skew”. In addition, these counters are capable of being 
loaded to any number synchronously with.the clock, and 
cascading circuitry has been provided on the chip to make 
it easier for the system designer to build longer counters. As 
versatile as the SN74160,-161, -162, -163 counters are, 
problems sometimes arise when they are cascaded for high 
speed applications. However, there are techniques which 
can be used with these counters to ensure that their full 
potential is realized. 

Before we look at the details of cascading these 
counters, it is important to be familiar with the carry 
circuitry that has been incorporated on the chip. 


CARRY CIRCUITRY OPERATION 


Figure 1 shows the logic diagram of the SN74163 
synchronous binary counters. There are three pins asso- 
ciated with the carry operation: count enable P input 
(CEP), count enable T input (CET), and the ripple carry 
output (RC). The RC output is normally at a logic O and 
Temains there until the counter reaches maximum 
count (1111) and the CET is at a logic 1. RC then produces 
a logicl. The carry operation is similar on the 
SN74160, -161, and -162 versions. 

Referring to Figure 2, a logic 1 on CEP allows the 
counter to count when clocked, it has nothing to do with 
carries between counters. CET not only enables its own 
counter but also controls the RC output to subsequent 
counters. Both CEP and CET must be high before the 
counter is enabled, i.e., allowed to follow the clock. Also 
note when cascading these counters, the first counter must 
count at maximum input clock frequency, but it divides 
down the frequency at which the next counter must 
operate. For a binary counter such as the SN74163 
operated at 25'MHz, for example, the first counter must 
accept 25-MHz inputs but the second counter need only 
accept counts at about 1.6 MHz or 16 times as slow. 

Refer to the interconnection diagram shown in 
Figure 3. In the example given, the RC1 output (of the first 
counter) is available for 40 ns (one clock pulse period) 
only, but RC2 is available for 640 ns. It is also true that 
when the cascaded counters are required to propagate a 
carry, the most significant counter comes to a maximum 
count condition first, the next most significant counter 
comes to a maximum next, and so forth. 


FIGURE 1. SN74163 Logic Diagram 
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' RIPPLE 
CET } CARRY 

a | 


INTERNAL CHIP CIRCUITRY 


SERIES PATH 


FIGURE 2. Carry Circuitry of the SN74163 


As Figure 3 shows, the least significant counter drives 
the CEP inputs to all other counters in a chain. It is also the 
last counter to come to a maximum count and, since the Q 
outputs of the counter drive the RC gate, the RC1 output 
involves a clock-to-flip-flop output-to-carry delay as shown 
in Figure 4. By the time that RC1 is valid, all other 
counters have been at a maximum count long enough for all 
CET connections to be valid, so the only signal required by 
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LEAST SIGNIFICANT COUNTER 


CEP2 
CET2 2 


CEP4 
CET4 4 RC4 


CEP3 
CET3 3 RC3 


SN74163 SN74163 
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FIGURE 3. SN74163 Interconnection for a 16-Bit Counter 
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FIGURE 4. RC Delay from Clock 


Table 1. Frequency Capabilities of the 


SN74160 Family 


| counting _| Programming | 
Clock to 


RC output 


CET or 
CEP setup 
time 


External 
NAND 
Gate 
(SN74S00) 


Maximum 
Clock 
Frequency 


(excluding 
wiring 
delays) 
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the other counters is the CEP signal from RC1. Therefore, 
it follows that the critical path for the chain is clock-to- 
RC1-to-CEP plus counter setup time as shown in Table 1. 
Since this path is slower than the internal counter delays, it 
limits the frequency of the chain to less than the frequency 
of a single counter (also shown in Table I). 

All the other counters have their flip-flop outputs at a 
maximum, so the critical path for them is CET-to-RC 
(typically 10 ns). Therefore, ripple carry techniques may be 
used through all counters except the first, and as long as it 
isn’t necessary to wait for the carry from the first counter, 
count frequency will not be affected. These criteria are 
easily met by forcing CET1, CEP1 and CET2 to a logic 1 
(enabled), rippling RC2 into CET3, and RC3 into CET4. 
RC1 is then connected to the CEP of all subsequent 
counters. 

This interconnection scheme is a modified “‘carry- 
look-ahead” system. Only RC1 is carried forward to all 
subsequent stages. As discussed later, the ripple mode carry 
system used for all other counters in the chain causes some 
carry signal phase shifting which can be a problem in some 
applications. 


Ripple Carry Signal Phase Shifting 

In Figure 5 the carry circuitry of the counters is as 
discussed in the previous application. When the SN74163 
counter reaches max count (1111) the RC output does not 
appear for 10 ns (typically) due to the inherent propagation 
delay in the carry circuitry. 

Suppose that Counter 2 is making the step from a 
maximum count (1111) to a minimum count (0000). As 
shown in Figure6, RC2 remains for 10ns after the 
Counter 2 flip-flop outputs have changed to 0000. Now 
suppose further that Counter 3 is at 1110 and changes to 
1111 at the same time Counter 2 goes to 0000. Also assume 
that the subsequent counters are at maximum 
count (1111). Because the Ripple Carry from Counter 2 is 
applied for 10 ns after Counter 3 changes, the RC3 output 
will put out a 10-ns-wide pulse. Since the flip-flop outputs 
of Counter 4 are at 1111, this 10-ns “‘carry glitch”’ will also 
appear at RC4. 

The RC glitch does not cause problems with the 
counter enabling or cascading system because the CEP 
input of each counter beyond the first is driven by the RC 
output of the first counter, and this signal is phased 
correctly to prevent improper operation. If the RC glitch is 
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FIGURE 5. Carry ‘Glitches’ in the SN74160 Family 
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FIGURE 6. Timing Relations with the Carry ‘Glitch ’ 
in the SN74160 Family 


CLOCK 


not gated out, it can be a problem where the enable signal is 
used for other purposes such as maximum count indicator 
to other logic. Fortunately, there’s one thing operating in 
the system designer’s favour: this family of devices is 
guaranteed to operate up to 25 MHz (any one counter). 
This means all gates and flip-flops on the chip are very 
tightly controlled — large deviations from the norm simply 
don’t exist. As a result, the delays will be highly predictable 
and can be dealt with. 

The easiest way to remove the RC ‘ glitch’ for 
external use is to NAND RC1 with RC4 (or the highest 
order counter). Since RC1 occurs 10 ns after the Q outputs 
of the counters change, but the “carry glitch” never occurs 
earlier than 20 ns after the Q outputs change, they do not 
Occur simultaneously. A common application for the 
SN74160 family of counters is to utilize the RC output for 
programming (parallel loading). This signal is fed back to 
the counter ‘ LOAD’ input through an inverter in order to 
parallel load in new data after the counter chain reaches 
maximum count. On the next clock pulse, the counter 
chain will synchronously jump to the state of the data 
inputs. This application is shown in Figure 7 with the RC 
outputs NANDed together to eliminate the RC glitch and 
to provide the programming pulse. This approach does limit 
the frequency of cascaded counters. Referring to Table I, 
the minimum count frequency of the SN74160 family is 
only slightly greater than 18 MHz when cascaded, with a 
typical of about 26 MHz. When programming, however, the 
delay in the external NAND gate drops the frequency 
response of the chain down to about 15 MHz, with a 
typical of about 24 MHz. 


FIGURE 7. Programming the SN74160 Family with a NAND Gate 
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Carry Anticipate Circuits 

Fortunately, where maximum clock frequency is the 
overriding consideration, external circuitry can be added to 
bring the chain frequency back to the frequency capability 
of an individual counter, 32 MHz typically or 25MHz 
minimum. This is accomplished by a carry-anticipate circuit 
which is so called because it detects the count immediately 
preceding a maximum count (“anticipates the carry 
output) and ANDs this condition with the next clock pulse 
(usually in a flip-flop so the information will be stored fora 
full clock period) to provide a ‘ fast carry ’ to replace RC1. 
With the carry anticipate circuit shown in Figure 8, it is also 
necessary to provide a clock inversion to the flip-flop, 
because the SN74S112 triggers on the negative clock edge 
while the SN74160 family triggers on the positive clock 
edge. This is no problem because the gating element used to 


Q OUTPUTS 


Ag BoCoDo 
CEP 
SN74163 
= 
CLOCK LOAD 


COUNT PATH 


SN74S112 


PROGRAM PATH 


detect the count preceding maximum count has an addi- 
tional path used for clock inversion. This also offers the 
benefit of having the clock delay path matched to the 
carry-anticipate path; i.e., since both are on one chip (the 
SN74S182), they will be simultaneously slow or fast, 
keeping the same relative delays. Note that the other half of 
the SN74S112 can be used to program the chain, also, if 
desired. 

Of course, a SN74S11 could be used to detect the 
count preceding a maximum, and to delay the clock, and a 
SN74S74 could be used to generate the chain CEP and to. 
program. This is shown in Figure 9. Note, however, the 
worst case numbers for the components used slightly limit 
programming frequency as shown in Table 2. It should also 
be pointed out that these are only two of many variations 
of circuits which could be used for carry-anticipate circuits. 


CEP 
SN74163 RC 


SN74163 


FIGURE 8. Carry Anticipate Circuitry Using the SN74S112, with Programming 
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FIGURE 9. Carry Anticipate Circuitry Using the SN74S74 with Programming 
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Table 2. Frequency Capabilities of the SN74160 Family 
Using Carry-Anticipate 


Parameter Programming | Units 
20 


Clock to Q LH 13 
outputs 


SN74S182 G 
output 


SN74S182 Cn+x 
output 


SN74S112 setup 


SN74S112 clock 
to output 


SN74160 count 
setup 


SN74160 load 
setup 


SN74S11 


SN74S74 setup 


SN74S74 clock 
to output 


Circuit 1 Delays 
Circuit 2 Delays 
Circuit 1 Frequency 


Circuit 2 Frequency 


*Circuit delay times are short enough to permit the counter to be 
operated without limitations. 


Vi REVERSIBLE COUNTERS 


by Bob Parsons 


Increasing use is being made of reversible counters in indus- 
trial control systems, machine tooling, laser ranging and 
digital differential analysers. In the past, the design of 
reversible counters has nearly always been a comprovnise. 
Serial or ‘Ripple Mode’ counters restrict the conditions 
under which the count direction may be changed, have long 
settling times, but can be fabricated from a minimal number 
of components. 

Parallel or synchronous versions can be very fast but 
their complexity increases rapidly as the number of stages 
is increased if the speed is to be maintained. 

This chapter describes two versatile forms of MSI 
reversible counters that may be interconnected in different 
ways to suit a variety of applications. All devices may 
be parallel loaded making them ideal for machine tool 
operations. The basic difference between the two types 
is in the method of controlling the count direction. One 
pair has a single control line separate from the clock input 
and is ideal for close tolerance high speed systems. The 
other pair has two clock inputs, one for count up, the other 
for count down, and is more suited to less critical industrial 
applications. 


SINGLE CLOCK COUNTERS 
Description 
The SN54/74190 and SN54/74191 are synchronous 
tour-bit reversible counters with a direction control and 
parallel carry. The SN54/74191 is connected for normal 
binary counting, the SN54/74190 has modified steering logic 


to enable a B.C.D. count to be obtained. Logic schematics 
for both devices are shown in Figures 1 and 2. 


Synchronous operation is provided by clocking all 
bistables simultaneously so that the outputs change coinci- 
dent with one another, when thus instructed by the steering 
logic. This logic allows a particular stage to change state 
when all preceding stages are at a logical ‘1’ with the 
counter counting up, or if all preceding stages are at a 
logical ‘0’ with the counter counting down. 

The outputs of the four master slave bistables change 
state on a low to high logic level transition at the clock in- 
put if the enable input is low. A logical ‘1’ at the enable 
input inhibits the counter. 

The counters are fully programmable, i.e., the out- 
puts may be set to any state by applying parallel data to the 
data inputs and taking the load control to a logical ‘0’. 
Loading is asynchronous and may be carried out indepen- 
dently of the state of other inputs. The SN54/74190 decimal 
counter may be set to states that are not included in the 
BCD count sequence. The state diagrams of the SN54/74190 
and SN54/74191 are shown in Tables 1 and 2. 


Counter Cascading 


This series of counters has been carefully designed so 
as to minimise the amount of additional logic required be- 
tween stages when cascading. There are two outputs that 
are used when cascading:- the ripple clock and the max/min 
output. 

For the decade counter the max/min line is only at 
a logical ‘1’ if the counter contains 9 and is counting up or 
if it contains zero and is counting down. 

The ripple clock output is at a logical ‘0’ if the 
counter is enabled, the clock input is ‘zero’ and if the max/ 
min output is at a ‘1’. Similar statements also apply to the 
binary counter. 


is Table 1 State Diagram for SN54/74190 Decade Counter 
ee 

Count up 07>17>2737475>6>7>8>9 1011 12>13 14715 
gai Re aL ag URS | 


Count down 


Table 2 


Count up 


Count down 


9>8>77675 7473727170 


15 > 147 13712711710 


State Diagram for SN54/74191 Binary Counter 
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FIGURE 1. Logic Diagram of SN54/74190 
Synchronous Up/Down Decade Counter with 
Direction Control. 
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FIGURE 2. Logic Diagram of SN54/74191 
Synchronous Up/Down 4-Bit Binary Counter 
with Direction Control. 
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The SN54/74190 and SN54/74191 can be cascaded 
in three ways:- 
Ripple 


In this mode each decade is synchronous with ripple 
carry between decades, as shown in Figure 3. Each ripple 
output is connected to the input of the next stage. The 
following points should be noted with this method of 
connection. 

1. The up/down control line must not be changed 

when the clock input is low, since the ripple 
Output is gated by the up/down control input. 
This could result in spurious clock pulses to the 
next counter. 

2. Do not change the up/down input until the 

clock input has rippled through to the last stage. 

3. The minimum clock width is limited by the 

gating action of the ripple clock enable gate. 
The clock input pulse should be wide enough 
to strobe out any spurious outputs from the 
max/min line due to differential propagation 
delays from clock to output of the four count 
bistables. 

4. Changes at the enable input should be made only 

when the clock input is high, for reasons similar 
to 1. 


UP/DOWN CONTROL 


COUNT INPUT 


COUNT ENABLE 


Qn 


SN54/74191 


Fully Synchronous Counter with Ripple Carry Gating 


The logic schematic for this mode of operation is 
shown in Figure 4. The enable input is grounded on the 
first stage and the ripple clock output of each stage taken 
to the enable input of the succeeding stage. All count inputs 
are driven synchronously. The entire counter is synchronous 
but the steering logic must propagate through each stage 
reducing the maximum clock frequency for each additional 
stage. 


Carry Look Ahead 


This mode of operation is the fastest and is shown in 
Figure 5. The entire counter is synchronous and the look 
ahead carry allows additional stages to be added without 
reducing the maximum clock frequency. The only restric- 
tion on the number of stages that may be cascaded in this 
way is that due to loading of the max/min outputs by the 
external carry gating. 

Figures 6 and 7 show the timing waveforms associated 
with the SN54/74191 binary counter. Figure 6 shows the 
output sequence for up counting and Figure 7 for down 
counting. 
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FIGURE 3. Ripple Carry Mode 
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FIGURE 4. Synchronous Mode 
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FIGURE 5. High Speed Synchronous Mode 
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FIGURE 6. Output Waveforms for Up Counting 
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FIGURE 7. Output Waveforms for Down Counting 
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A PROGRAMMABLE DIVIDER 


By presetting a number into the counter and counting 
back to zero it is possible to divide by any number from | to 
15 with SN54/74191. The logic schematic for this mode of 
operation is shown in Figure 8. 

Upon receipt of clock pulses the counter counts back- 
wards to’ zero. As soon as zero is reached and the clock in- 
put changes from a logical one to a logical zero and the 
ripple clock output changes to zero. This output then 
loads the preset number Da to Dp into the counter. The 
count sequence then repeats. This mode of operation can be 
extended to cover several stages. The load pulse. width is 
approximately 5Ons, dependent upon the minimum pro- 
pagation delays from the A, B, C, D outputs to RC and 
LOAD to outputs. For this reason circuit operation cannot 
be guaranteed at temperature extremes unless additional 
delays are introduced between the RC output and the 
LOAD inputs. 


BINARY OUTPUT 
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FIGURE 8. Programmable Counter 
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FIGURE 9. Three Stage Programmable Divider 
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FIGURE 10. D Output Waveforms for Figure 9 ae : FIGURE 11, RC Output Waveforms for 


(Various Division Ratios) Figure 9 


BINARY OUTPUT 


A three stage divider using the decade counter is 
shown in Figure 9. The number by which the counter is to 
divide by is set up in BCD on the parallel data inputs. 

The waveforms associated with programmable dividing 
are shown in Figures 10 and 11. Figure 10 shows the change 
in the D output of the counter when it divides by numbers 
between 15 and 9 inclusive. Figure 11 shows the ripple 
clock output (load pulse) associated with the counter of “4° = LOAD PARALLEL 
Figure 10. em, ped otis 

An alternative method of counter loading that will PARALLEL DATA INPUTS cag 
guarantee operation at temperature extremes is shown in 
Figure 12. This can be extended to form reversible FIGURE 12. Alternative Method of Counter 
counters operating in codes other than binary. Loading 


On Qp Qc Qp 
DN/uUP 
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Figure 13 shows an example of an excess 3 counter. 
The load input is derived from the output of a D type latch 
whose D input is the function up (4.8) + down (4.8). When 
the counter is counting up and contains binary 12, the D 
input and CLEAR of the latch change to a logical ‘1’. The 
next clock pulse transfers the logical ‘1’ on D, to Q causing 
the SN54/74191 to load parallel data, binary 3. 

As soon as this data has been loaded the D bistable is 
asynchronously cleared by the ‘AND OR’ logic, releasing the 
load input of the SN54/74191 and allowing it to count 
normally. 
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FIGURE 13. Excess 3 Synchronous Counter 


Table 3 


A similar sequence occurs if the counter is counting 
down and binary 3 is detected. In this case binary 12 is 
loaded into the SN54/74191. The number loaded is deter- 
mined by the logical state of the up/down control line. 


DUAL CLOCK COUNTERS 


Description 

The SN54/74192 and SN54/74193 are four bit rever- 
sible ripple counters with parallel carry. The SN54/74193 is 
connected for normal binary counting, and the SN54/74192 
has modified logic to enable a BCD count to be obtained. 
Logic schematics are shown for both devices in Figure 14 
and 15, 

These counters differ from those previously described 
in the method they use for determining count direction. 
This is controlled by two clock lines, one for count up, the 
other for count down. The outputs of the four master 
slave bistables change state when either of the two clock 
inputs change from a logical ‘0’ to a logical ‘1’. 

The unpulsed clock input must be at a logical ‘0 
when the other input is being used. The steering logic in the 
SN54/74193 up/down binary counter allows a particular 
bistable to receive an ‘up’ clock pulse when all preceding 
stages are logical ‘1’ and receive a ‘down’ clock when all 
preceding stages are logical ‘0’. The SN54/74192 has modi- 
fied steering logic to produce a decade count. 

State diagrams of both of the Dual Clock Counters 
are shown in Tables 3 and 4. 

Both counters can be parallel loaded, data applied to 
the data input D, to Dy is loaded into the counter when 
the load input is at a logical ‘0’. The load operation is inde- 
pendent of the clock or counter state. The CLEAR input 
operates on a logical ‘1’ level. It is independent of the state 
of the load input or the up/down count inputs. 


State Diagram for the SN54/74192 Decade Counter 
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Table 4 


State Diagram for the $N54/74193 Binary Counter 
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FIGURE 14. Logic Diagram of SN54/74192 
Synchronous Up/Down Decade Counter 
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FIGURE 15. Logic-Diagram of SN54/74193 
Synchronous Up/Down 4 Bit Binary Counter 


65 


Counter Cascading 


These counters have two outputs, the BORROW and 
the CARRY output. The BORROW output produces a 
pulse equal to the count input width when the counter 
underflows. The CARRY output produces a similar pulse 
when the counter overflows. The method of interconnecting 
several counters in cascade is shown in Figure 16. 

The counters operate synchronously with ripple 
carry between every four bits. A ‘clock up’ pulse can be 
followed almost immediately by a ‘clock down’ pulse. The 


CLOCK UP UP COUNT 


DOWN COUNT 


Ti Lire 


CLOCK DOWN 


two pulses will ripple asynchronously down the counter 
chain. The waveforms associated with the SN54/74193 
binary counter are shown in Figures 17 and 18. 

In order to reduce the propagation delay from clock 
to outputs the carry look ahead arrangement of Figure 19 
can be used. This does not increase the maximum counter 
clock frequency, since the enable functions still have to 
propagate through each counter package. 
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FIGURE 16. Counter Cascading Ripple Mode 
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FIGURE 18. Output Waveforms for Down Counting 
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FIGURE 19. Counter Cascading Synchronous 
Mode 


Vil PROGRAMMABLE SYNCHRONOUS FREQUENCY DIVIDER 


by Richard Mann 


There are numerous digital counter circuits which are based 
either on binary dividing stages or shift registers. All these 
counters can be used as frequency dividers by detecting one 
of the unique output conditions in the counting sequence 
with a multi-input gate. The frequency at which this state 
occurs is then a constant sub-multiple of the input 
frequency and can be taken directly from the gate output. 
This chapter describes a novel method of producing 
synchronous counters with variable cycle lengths. 


PROPERTIES OF SHIFT 
REGISTER GENERATORS 


A typical counter circuit which uses 5 flip-flops 
connected in ‘ripple-through’ mode is shown in Figure 1. 

This circuit has a basic count of 32, but the count is 
reduced to 30 by the action of gate G1. The gate detects 
binary 30 (11110) and resets all the flip-flops to ‘0’ by 
means of their Clear Inputs. This type of circuit is 
economical in that, unlike a ring counter or Johnson 
counter, it makes nearly full use of all the possible flip-flop 
states, but it is not very suitable for high speed operation. 
Each of the flip-flops may have a propagation delay of 
approximately 40ns, which, with the delay of the gate and 
the required set up time, will limit the maximum frequency 
of operation to something less than 3MHz. In order to go 
faster than this, a synchronous counter, in which all the 
flip-flops are clocked simultaneously, is needed. For fairly 


low counts, up to 5 or 6 bits, say, it is quite simple to design 
a synchronous counter using binary divider stages, similar 
to Figure 1. However, for maximum speed, fully parallel 
steering logic is required and this then becomes rather 
complex for a large number of bits. The frequency divider 
descnbed in this report is based on a Shift Register 
Generator. This circuit has the advantages of fast, syn- 
chronous operation, simplicity and good package economy, 
since the maximum count of the circuit is 2" — 1 where n 
is the number of bits in the shift register. The sequence 
generated by this type of counter does not have any simple 
arithmetic relationship between successive states as does a 
binary counter, but is of an apparently random nature. For 
this reason these counters are more often known as Pseudo- 
Random Number Generators (P.N.G 23. 

The circuit of an 8 bit P.N.G. is shown in Figure 2 
with the connections necessary to give its maximum count, 
ie. 255. To do this the serial input of the shift register 
must be connected to the output of a modulo-2 adder, 
whose inputs are driven from various stages in the register, 
the particular stages being dependent on its length. For 
the 8 bit circuit shown, the modulo-2 sum of outputs D, 
E, F and H is required and this is equal to the function: 


OUTPUT 


FIGURE 1. Five Bit Ripple Counter with Feedback. 
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SERIAL INPUT 
me 8 BIT SHIFT REGISTER 
SHIFT INPUT 


FIGURE 2. Eight Bit Counter — Cycle Length 255, 


This function may be obtained very conveniently 
using a type SN54/7486 quad two input exclusive-OR gate, 
whose truth table is shown in Figure 3. 


FIGURE 3. Truth Table for SN54/7486. 


Each exclusive-OR gate produces the modulo-2 sum 
of 2 variables and it is possible to extend this to any 
number of variables simply by cascading a number of these 
gates. 

Table 1 shows which outputs of the shift register 
should be connected to the modulo-2 adder in order to give 
maximum length counts for P.N.G.s constructed from 
registers 3 to 18 stages long. The feedback arrangements 
shown are not, in all cases, unique. It is also possible to 
obtain maximum counting length by feeding back the 
inverted output from the modulo-2 adder, but in this case 
the output states of each flip-flop will be inverted. If the 
true modulo-2 sum is fed back then the P.N.G. would ‘stick’ 
if it should accidentally get in to the all ‘0’ state, since the 
register would constantly shift ‘0’s into the input. If the 
inverted sum is fed back then the P.N.G. would ‘stick’ if 
it should get into the all ‘1’s conditions. These ‘stick’ 
conditions would be likely to occur only at switch on. 

One useful property of shift register generators is that 
they have a counting sequence in which there are always 
two numbers differing only in the state of the first bit and 
which are separated by m steps where m is any number 
less than 2" — 1. Therefore, by detecting the first of this 
pair of states and inverting the feedback term at this point, 
it is possible to jump through m states on the next input 
pulse, thereby generating a cycle length anywhere between 
2 and 2" — 1. Here again, the SN54/7486 is very useful 
because it can be used as a controlled inverter. A logical 
‘0’ at the X input would give Y=W and a ‘1’ at the X input 


will give Y = W. 


Feedback Stages 


No. of stages 
in shift regis- 
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FREQUENCY DIVIDER CIRCUIT 


The complete circuit of the programmable syn- 
chronous frequency divider is shown in Figure 4. The shift 
register used comprises four dual-D flip-flops, type 
SN54/7474, although any type of shift register could be 
used provided parallel outputs are available. Exclusive-OR 
gates Nl, N2 and N3 are three gates from an SN54/7486 
and give the feedback function D®E@F@H. This 
function is normally inverted by gate N4 since the output 
of 8 input NAND gate, N13, is a logical ‘1’ for a large 
proportion of the count cycle. 

An exclusive-OR gate can also be used as a digital 
comparator, since its output will be a logical ‘1’ only if one 
of its inputs is the inverse of the other input. Therefore, by 
connecting one input of each of the gates NS — N12 to the 
Q outputs of the shift register flip-flops, it is possible to 
compare an input address, a to h with the outputs of the 
shift register; thus gate N13 will be enabled only when 
A =a, B=b, etc. When a state corresponding to the input 


(va) 


D F 


A BCODEF GH 


address is detected, the output of N13 falls to a logical 
‘0’ and the true modulo-2 sum will be fed back from N3 via 
N4, which is the controlled inverter, causing the counter to 
jump m states, m being determined by the input address, 
a.b.c.d.e.f.g.h. 

Since the counting sequence of the shift register is 
pseudo-random, it is rather difficult to determine the 
address required for a particular division ratio, therefore 
table 2 is included to show all input addresses for ratios 
between 2 and 254. 

As mentioned previously, the P.N.G. with inverted 
feedback will stick in the all ‘1’s state, therefore an 8 input 
gate, N14, is used to detect this state, should it occur, and 
put the generator back into its normal cycle by clearing 
some of the flip-flops asynchronously. 

The output frequency is obtained from gate N13 and 
will be in the form of a single pulse whose width will be 
equal to that of one input clock pulse period. 


OUTPUT 


Connect unused preset and clear inputs to logical ‘1’ 


N1 — N12 % of SN54/7486 
N13 & N14 SN54/7430 
N15 — N22 % of SN54/7474 


FIGURE 4. Programmable Frequency Divider. 
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The synchronous frequency divider described was 
built on a patch board and worked satisfactorily at 5MHz. 
However, if the circuit is tidily constructed the typical 
propagation delays of the devices should allow the divider 
to work satisfactorily at 10MHz. If higher frequency 
Operation is required, a monolithic shift register with 
parallel outputs, such as the SN54/74164 could be used in 
place of the SN54/7474s, but in this case the address would 
have to be applied to the comparator in 1’s complement 
form as the Q outputs are not available from the shift 
registers. 

A particular advantage of this type of frequency 
divider is that division ratios which are prime numbers can 
very easily be obtained with a minimum number of devices. 
The circuit also demonstrates the versatility of the 
exClusive-OR gate as a modulo-2 adder, digital comparator 
and inverter. 


Table 2. 


Division Address 
Ratio 
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Division Address 

Ratio 

a b cc dee ff g h 
38 0 oO 0 1 0 60 1 1 
39 0 860 1 0 1 0 1 1 
40 1 1 1 1 1 0 1 0 
4] 0 1 0 oO O 1 0.8600 
42 0 0 oO 0 1 1 1 0 
43 1 0 86060 1 0 1 1 1 
44 1 1 1 0 1 1 0 1 
45 1 0.60600 1 0 oO 0 1 
46 1 1 1 oO oO 1 1 0 
47 1 0 1 1 1 0 oO 0 
48 0 1 0 0 0 O 90 1 
49 0 1 1 0 1 1 0 0 
50 0 0 O O O 1 0 90 
51 1 1 0 1 0 860 1 i 
52 0 1 1 1 1 0 860 1 
53 0 860 1 1 0 1 1 1 
54 0 oO oO 0 1 0 oO O 
55 oO 1 1 0 0 0 1 1 
56 0 860 1 1 0 860 1 0 
57 1 1 1 1 1 1 0 oO 
58 0 1 0 1 0 1 0 1 
59 0 1 1 1 1 1 1 1 
60 0 1 1 0 60 1 1 0 
61 0 1 1 0 1 0 oO 0 
62 1 1 1 1 0.6060 1 0 
63 0 1 1 1 0 oO O 1 
64 0 1 0 1 1 0 oO 90 
65 1 0 1 1 1 0 1 1 
66 1 1 oO O 1 0 0 1 
67 1 1 0 1 1 0 oO O 
68 1 0 1 0 0 0 0 90 
69 0 oO 0 1 1 0 oO 0 
710 1 1 0 oO O 1 0.6060 
71 0 1 0 1 0 860 1 1 
72 0 1 0 1 1 0 1 0 
73 0 1 1 1 0 1 0 1 
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Vill! DATA SELECTORS 


by Sverre Wolff 


In digital systems, where information from multiple sources 
must be processed, stored, transferred, etc, it is necessary to 
have circuits that provide selective access to information 
sources. Formally, such selection circuits had to be imple- 
mented with separate logic gates which required several 
integrated circuit packages. Three types of circuit are 
available in the TTL series to act as data selectors or multi- 
plexers. Using these obviously gives greater reliability due 
to the reduction in package count, number of interconnect- 
ions, and wiring complexity. 
The circuits discussed here are: 
SN54/74150 16-bit data selector with strobed inputs and 
inverted output. (Figure 1) 
SN54/74151 8-bit data selector with strobed inputs and 
complementary outputs. (Figure 2) 
SN54/74152 8-bit data selector with inverted output. 


(Figure 3) 


All statements about the 74-series also apply to the 54-series. 


DESCRIPTION AND CIRCUIT OPERATION 


General 

As shown in Figures 1, 2 and 3, the TTL data 
selector circuit is basically an AND-OR-INVERT gate with 
a multiple number of OR branches. The SN74150 has 16 
branches and the SN74151/152 have 8 branches each. Each 
AND-gate has its individual data input. Eo through E15 are 
the inputs for the SN74150 and Dg through D7 are the 
inputs for SN74151/152. Any one of these inputs can be 
selected by applying the appropriate binary-coded address 
to the data-select terminals (A,B,C,D). The SN74150 and 
SN74151 have a strobe input (S), where a strobe signal can 
be applied concurrently with the address signal. A logical 
‘0’ at the strobe input enables the data present at the 
selected data-input to be coupled through to the output. 
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FIGURE 1. Functional Block Diagram of Data Selectors SN54/74150 
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SN74150: 


IIS 
ite 
Tt 
|i ae) 
SN74151: 


STROBE Dg 0, Dz Dz Dg Dg Dg Dy A B C 


(ENABLE) 
UUme 
DATA INPUTS DATA SELECT (BINARY) 


FIGURE 2. Functional Block Diagram of Data 
Selectors SN5S4/74151 


SN74152: 


OUTPUT W 


1) 
2) 
DATA INPUTS DATA SELECT 
(BINARY) 
FIGURE 3. Functional Block Diagram of 
Data Selectors SN5S4/74152 
3) 


On the other hand, logical ‘1’ at the strobe input 
inhibits data transmission. 
The SN74152 has no strobe-input terminal. It 
cannot be inhibited internally, with the result that there 4) 
is always one data input coupled through to the output. 
If the use of the SN74152 together with a strobe 
facility is mandatory, additional external logic circuitry 
must be used to create the enable/inhibit function. 
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Logic Equations : Logic operation of the data selector 
is characterized by the following logic equations: 


ABCDE4 + ABCDEs + ABCDE¢ + ABCDE7 + 

ABCDEg + ABCDE9 + ABCDE 19 + ABCDE] + 

ABCDE}2 + ABCDE)3 + ABCDE;4 + ABCDE]5) 
Y=W= S(ABCDy + ABCD, + ABCD, + ABCD, 


+ ABCD, + ABCD, + ABCD, + ABCD-) 


W = ABCDy + ABCD, + ABCD, + ABCD3 + ABCD, 


+ ABCD, + ABCD, + ABCD-) 


Circuit Features: The following features have been 
incorporated in the data selectors: 


The output NOR-gate is implemented 
with high-speed TTL (Series 54H/74H) 
circuitry which minimizes the capacitive 
effects of the paralleled phase-splitter 
transistors of the OR-branches, and thus 
reduces propagation delay time. 

The data selectors with strobed inputs 
(SN74150 and SN74151) are provided 
with internal strobe-pulse inverters. This 
reduces the loading of the external 
strobe—signal from eight or sixteen inputs 
to one input. 

Each data-select input is connected with 
the appropriate AND-gate through two 
internal inverters in cascade. These 
inverters reduce external signal loading to 
one input and allow single—rail signal 
input. 

The SN74151 has complementary 
outputs, which makes it extremely 
suitable for double— rail signal sourcing. 


Random Data Selection Sequential Data Selection 


Data selectors can select at random one source Sequential data selection can be performed with data 
out of a multitude of information sources, and couple selectors if the data-select address is taken from the outputs 
the output of this source through to a single information of a binary counter (SN7493), as in Figure 5. Operation of 
channel or input. Data input can be selected by applying such a system resembles that of an electromechanical 
the appropriate binary-coded address to the data-select stepping switch. With each clock pulse, the binary counter 
inputs (A, B, C or D). switches to the next state, causing the data selector to 

The number of data inputs can be increased by using select in sequence the information sources connected to its 
additional data selectors. A system using two data selectors data inputs. 
is shown in Figure 4. When a strobed system is required, the CLEAR . = a 7 
control network of Figure 4a should be used with the OY BINA ie er 
network in Figure 4c. Use of the networks of Figures 4b Rgiay COUNTER Se scaeeeey 
and 4c results in a non-strobed system. INP A A A 


CLOCK Eo E15 
PULSE 


FIGURE 5. Block Diagram Using a Data Selector to 
Sequentially Select 1 Out of 16 Information Sources 
STROBE 
PULSE 


STROBE 
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Enabled Inhibited 
Inhibited | Enabled 


(a) 


(b) DS, DS. 
Enabled Inhibited 
inhibited Enabled 
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SN54/74150 


SELECTOR 1 
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Figure 4, Block Diagram of Data Selectors Being Used to Select 1 out of 32 Information Sources 
Control Circuit (b) + Circuit (c) Gives a Non-Strobed System 
Control Circuit (a) + Circuit (c) Gives a Strobed System 
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The number of data-inputs can be expanded by 
cascading data selectors and using appropriate control 
networks. A sequential data selection system with two data 
selectors and two alternative control networks is shown in 
Figure 6. A system with ‘n’ data selectors is shown in 
Figure 7. 

In both the systems in Figures 6 and 7, two counters 
are used. Counter I supplies the binary-coded address. 
Counter II, followed by a decoding network, sequentially 
enables the data selectors. 

In Figure 6, Counter II is a single flip-flop because 
only two data selectors are used. 

If in the system of Figure 7, n is not an integral 
power of 2, conditioned resetting of Counter II is 
necessary. When the system is to be operated with a 
hold-off period, resetting of both Counter I and II is 
necessary. This mode of operation is described later. 

In Figure 7, when hold-off signal H is a logical ‘1 ’, 
conditioned reset is achieved in the following sequence: 


STROBE 
PULSE 


(a) 


1) The first undesired state of Counter II is 
decoded with NAND-gate ‘a’. 

2) Output of NAND-gate ‘a’ sets the 
reset-latch (cross-coupled NAND-gates b 
and c) in the ‘ 1’ state. 

3)  Latch-signal Q resets Counter II (and if 
desired, also Counter I) to the all-zero 
State. 

4) Counter II (and if applicable, also 
Counter I) remains in the all-zero state 
until a negative-going pulse appears at 
input H. 

The inverted clock-pulse for Counter I may be used as 
signal H if the system is to repeat the selection cycles 
continuously. Such a mode of operation is possible if the 
change of incoming information for a data selector is made 
during the time that the following data selector is being 
sampled. Change of incoming information for a data 
selector may then be triggered by the control (strobe) signal 
of the following data selector. 


COUNTER 11 
CLEAR 


(c) 


OUTPUT 


O) 
CLEAR BINARY c D DATA 
on COUNTER SELECTOR SELECTOR 
HOLD-OF SN7493 B SN54/74150 SN54/74150 


PULSE Eo 


DATA INPUTS 


Ww 


E45 Eo E45 
DATA INPUTS 


Figure 6. Block Diagram of Data Selector Being Used to Sequentially Select 1 out of 32 Information Sources 
Control Circuit (a) + Circuit (c) Gives a Strobed System 
Control Circuit (b) + Circuit (c) Gives a Non-Strobed System 
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If an interim period is necessary to simultaneously 
change incoming information of all data selectors, Counter 
I as well as Counter II must be reset by the reset-latch, but 
the inverted incoming clock-pulse should not be used as 
signal H. In this operation mode, signal H functions as 
hold-off signal. As long as hold-off signal H is high, the 
reset-latch is not cleared and Counters I and II remain in 
the all-zero state. During the hold-off period, Inhibit-Enable 
signal I/E must be taken to a logical ‘O0” to inhibit the 
data selectors. 

If control circuit ‘c’ of Figure 7 is used, the inverter 
in the I/E signal line may be omitted, in which case I/E 
input must be taken to a logical ‘1’ to inhibit the data 
selectors. 

The hold-off period can be terminated and a new 
cycle initiated by applying a negative-going pulse to the H 
input to clear the reset-latch, and taking the I/E input to a 
logical ‘1’ to enable the data selectors (logical “O’ in 
Figure 7c without I/E inverter). 


ta 66.0 Oe 
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COUNTER | 
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INP A INP B Eo 
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Figure 7. Block Diagram of Data Selectors Being Used for Sequential Selection of 1 out of n X 16 Information Sources 
Circuit (a) + Circuit (d) is Used for n = 10. Circuit (c) + Circuit (d) is Used forn <8 
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PARALLEL-TO-SERIAL CONVERSION 


Data selectors may be used to serialize parallel 
information. The circuits of Figures 5, 6, and 7 may be 
used for parallel-to-serial conversion. 

The circuit of Figure 5 is capable of serializing one 
word of 16 bits or m words of 16/m bits. 

The circuit of Figure 6 is capable of serializing one 
word of 32 bits or m words of 32/m bits. 

Similarly, with the system of Figure 7, it is possible 
to serialize a word of 16n bits; or m words of 16n/m 
bits. 


Multiplexing to One Line 


The operations described in the previous sections are 
multiplexing to one line. The multiplexing capabilities of 
the circuits of Figures 5 through 7 can be enlarged by using 
shift registers as information sources. Thus, with a single 
data selector 16 words can be serially multiplexed onto one 
line by either shifting out or circulating (if the data must be 
preserved) the contents of the shift registers (Figure 8). The 
word length is determined by the number of stages of the 
shift registers. Very long words may be stored in adjacent 
shift registers. However the word capacity of the system 
will then be reduced. 

A low-going loading signal (LS) indicates the shift 
register that is selected. The mode of operation of the shift 
registers is controlled by appropriate signals on the Register 
Control (RC) terminal. 

The signals are, 


RC = 0 for shift-out/serial-load 
RC = 1 for data circulation 7 = fe eee 3 
DATA ee es 
B B SELECTOR 
SN54/74150 © c COUNTER 


E15 


SHIFT i 


REGISTER CP 
SN7491AN 


SHIFT 
REGISTER CP 
SN7491AN 


A complete cycle of either data shift-out/serial 
loading or data circulation is performed during each 
count cycle of the register counter. Consequently, the 
R-counter must have as many states as the shift registers 
have stages. Loading of a shift register may take place 
during the cycle in which it is selected. In this case , 
LS-and RC-terminals with the same number must be 
connected. If the loading must occur in the following 
selection cycle, RC-terminals must be connected to the LS 
terminals with the next higher number. Any loading 
sequence may be obtained by connecting the RC-terminals 
to the appropriate LS-signals. 

The data selector is strobed by the incoming 
clock-pulse while the shift registers and counters are 
operated by the inverted incoming clock-pulse. This is done 
to inhibit the data selector during the transition periods of 
the counters, shift registers and data inputs. 

In Figure 9, a system similar to that of Figure 8 is 
shown. Here, shift registers for parallel loading are used. 
Loading of the registers takes place during the last 
clock-pulse of a selection cycle. If a register is to be loaded 
at the end of its selection cycle, LS-and RC-terminals with 
the same numbers must be connected together. As with the 
previous system, any loading sequence can be obtained by 
connecting the appropriate LS-and RC-terminals. As in 
Figure 8, the data selector is inhibited during counter, shift 
register and data input transition periods. 
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FIGURE 8. Block Diagram Showing Data Selectors Connected to Multiplex to a Single Output 
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lines of a multiplexing system is not necessarily restricted 
to one. Multiplexing to multiple lines is necessary for 
instance when a multitude of words have to be transferred, 
a whole word at a time. For multiplexing n-bit words, n 
data selectors are necessary. 
Multiplexing to Multiple Lines A system for multiplexing up to 16 words of n bits 
In general, multiplexing means transmitting a large onto n parallel lines is shown in Figure 10. This system can 
number of information units over a smaller number of be used either for random word selection, or with a binary 
channels or lines. Consequently, the number of outgoing counter (SN7493) for sequential word selection. 


If the information on the output of the data selector 
is to appear in phase with the incoming clock pulse, an 
additional inverter (dashed in Figures 8 and 9) may be used 
in the incoming clock-pulse line. 
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Figure 9. Block Diagram Using Data Selectors to Multiplex Parallel Inputs toa Single Output 
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Figure 10. Block Diagram Showing Data Selectors Used to Multiplex Up to 16 Words of n Bits Onto n Parallel Lines 
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The word capacity of the circuit of Figure 10 can be 
expanded by using shift registers, in each of which are 
stored equally numbered bits of the words to be multi. 
plexed. Shift registers with a length of m bits expand the 
word capacity of the system to m X 16 words of n bits. 

Such a system is shown in Figure 11, where shift 
registers for serial loading are used. This system may be 
considered an expanded version of the system shown in 
Figure 8. Instead of one combination of shift registers and a 
data selector, n such combinations are used in parallel. 
Operation and control of this system is similar to that of 
the system of Figure 8. A low-going LS signal indicates 
which rank of shift registers have been selected. Shift 
register operation is controlled by the appropriate signals 
on the RC terminals. 


These signals are, 


RC = 0 for shift-out/serial-load 
RC 1 for data circulation 


Again, the shift registers perform a complete cycle of 
either shift-out/serial-loading or data circulation during 
each count cycle of the register (R) counter, which has as 
many states as the shift registers have stages. | 

As in the system of Figure 8, any shift register 
loading sequence may be obtained by connecting the 
RC-terminals to the appropriate LS-terminals. For instance, 
loading of a rank of shift registers occurs during the cycle in 
which the rank is selected, when equally numbered LS- and 
RC-terminals are connected together. The R-counter and 
the shift registers are operated with the inverse of the clock 
pulse which strobes the data selectors. This inhibits the data 
selectors during transition periods of the counters, shift 
registers and data inputs. In order to compensate for the 
high fan-out, power inverters are used in the clock-pulse 
lines. 

If the enabling pulse of the data selectors must be in 
phase with the incoming clock pulse, an additional inverter 
(dashed in Figure 11) is used in the incoming clock-pulse 
line. 

A system as in Figure 11 is also possible with shift 
registers for parallel loading. Such a system may be 
considered an expanded version of the system shown in 
Figure 9. Instead of one combination of shift registers and a 
data selector, n such combinations are used in parallel. 
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CHARACTER GENERATORS 


Data selectors with a binary counter for sequential 
selection can be used as character generators. The 
characters to be generated may be either fixed (wired-in), 
or manually changeable (switches). Further, they may be 
controlled and/or determined by a logic system. 

In Figure 12 a character generator for manually 
changeable characters using an SN74151 is shown. In fact, 
every data selector circuit with sequential selection can be 
used as a character generator. The circuits shown in Figures 
5, 6, 7, 8, and 9 can be used as character generators with 
each character appearing in serial form at the output. 


80 


O 
ENABLE INPUT 


SUPPLY VOLTAGE 


OUTPUT 
e 


SELECTOR 
4 SN54/74151 


OUTPUT 
O 


BINARY 
COUNTER 
SN54/7493 


CLEAR O 


FIGURE 12. Block Diagram of a 8-Bit Character 
Generator for Manually Changeable Characters 


The circuits of Figures 10 and 11 are capable of 
generating characters in parallel form or multiple characters 
in serial form. 


BINARY WORD COMPARISON 


Data selectors may be used with 4-line to decimal 
decoders to determine the equality of binary words. 

In Figure 13, a comparator for two 3-bit words is 
shown. It uses a BCD-to-decimal decoder, SN7442N, and 
the eight-bit data selector, SN74151, which has 
complementary outputs. The SN7442N is used as a 3-line 
binary-to-octal decoder with an enable/inhibit input D 
(outputs 8 and 9 are not used). The comparator is enabled 
when the D-input of the SN7442N is taken to a logical ‘0’. 
A logical ‘1’ on the D-input inhibits the comparator. The 
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FIGURE 13. Block Diagram of a Data Selector Used 
as a Comparator for 2 Words of 3 Bits 
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Figure 11, Block Diagram of Data Selectors Being Used to Multiplex 16m Words of n Bits Onto n Parallel Lines 
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comparator has two outputs: a compare output, W and 
an enable output, Y. The output signals in the enabled 
and inhibited states are as follows: 


D = 0 (Comparator Enabled): 


W = 1 and Y = O if, word A = word B 


W = 0 and Y = 1 if, word A # word B 


o 
iN 


1 (Comparator Inhibited): 


W = 0 and Y = 1 regardless whether words 


AandB are equal or not. 


If a logical ‘0’ output signal is required to indicate 
equality, then the enable-output Y may be used as the 
enable as well as the compare output. 

The comparator shown in Figure 13 may be cascaded 
to compare longer words, as is shown in Figure 14. If 
equality is to be indicated by a logical ‘ 1°’ an additional 
inverter (dashed in Figure 14) is necessary. 

The data selector, SN74151, in the circuits of Figures 
13 and 14 may be replaced by the SN74152 if the enable 
output-signal Y is an external inversion of output-signal W. 
This inversion is not necessary when the SN74152 is used in 
conjunction with the excess-3-Gray-to-decimal decoder, 
SN7444, as is shown in Figures 15 and 16. 

In these figures, the decoder is used as a 
3-line-binary-to-octal decoder (outputs 0 and 9 are not 
used) with input C as the enable/inhibit control. Input C 
must be a logical ‘1’ to enable the comparator and a 
logical ‘0’ to inhibit it. Output signal W in the enabled 
and inhibited states is as follows: 


C = 1 (Comparator Enabled): 
W = 1 if, word A = word B 
W = 0 if, word A # word B 
C = O (Comparator Inhibited): 


W = O regardless whether words A and B 


are equal or not. 


As a consequence, output W is the compare-output 
as well as enable-output, and no external inversions are 
necessary. 

In Figure 17, a comparator for two 4-bit words 
using two BCD-to-Decimal decoders, SN7442, and one 
. 16-bit data selector, SN74150, is shown. The decoders are 
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FIGURE 14. Block Diagram of Comparators 
Cascaded to Compare Longer Words 
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FIGURE 15. Block Diagram of a Comparator Used to 
Compare 2 Words of 3 Bits Using an 
Excess-3-Gray-to-Decimal Decoder 
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FIGURE 16. Block Diagram of Comparators from 
Figure 15 Cascaded for 2 Words of n Bits 


again used as 3-line binary-to-octal decoders with input D as 
enable/inhibit input. The decoder enable/inhibit inputs are 
controlled through NAND gates by the comparator 
enable-input and the most significant bit of word A. In fact, 
the combination of the two decoders form a 4-line 
binary-to-hexadecimal decoder. A logical ‘1’ on the 
enable input enables the comparator, whereas a logical ‘ 0’ 
inhibits it. 


ENABLE INPUT IMPLEMENTING LOGIC FUNCTIONS 


Almost any logic function can be implemented 
with data selectors. The simplest implementation is 
i bécopen obtained when the logic function can be written either as a 
true or an inverted sum of products of its logic variables, 
because the characteristic logic expression of data selectors 
is an inverted sum of products. 
To implement a given logic function it is necessary 
to select a data selector: which is able to satisfy all (min) 
terms of the function, directly or through conditioning. 


SELECTOR wh-—-o 


OECIMAL 


SNSa 744? The logic function of the data selector SN74150 
is 

FIGURE 17. Data Selector Used as a 4 Bit Y=W= S(ABCDE, + ABCDE, + ABCDE, 

Word Comparator 

Output signals in the enabled and inhibited states a ee ied oat 
aréasfollows: + ABCDE3 + ABCDE, + ABCDE; 
Enable input = 1 (Comparator Enabled): oe es a nee 

+ ABCDE¢ + ABCDE7 + ABCDEg 
W = 1 if word A = word B 
W = 0 if word A # word B + ABCDE, + ABCDE jg + ABCDE 
Enable input = 0 (Comparator Inhibited): a s = 
sa eee + ABCDE,) + ABCDE,, + ABCDE,, 
W = 0 regardless whether words 
A and B are equal or not. + ABCDE 5) 

Consequently, output W can be used as the 
compare-output as well as the enable-output. 

Also, the comparator of Figure 17 may be When S = 0, the data selector is enabled and, the 
cascaded to compare longer words, as is shown in Figure logic expression for the SN74150, with an external inverter, 
18. If a logical ‘1’ output signal is required to indicate is 
equality, an additional inverter (dashed in Figure 18) is 
necessary. 

9 ess ies ee dad echt cs 
3 F = ABCDE, + ABCDE, + ABCDE, + ABCDE, 
bake COMPARE OUTPUT 
+ ABCDE, + ABCDE, + ABCDE, + ABCDE, 
er + ABCDEg + ABCDEg + ABCDE;9 + ABCDE,, 
INPUT 
+ ABCDE,, + ABCDE,, + ABCDE,, 
a oo oo taaqed + ABCDE | 5 (1) 


FIGURE 18. Block Diagram of Cascaded Comparators 
from Figure 17 Used to Compare 2 Words of n Bits 
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Similarly, for the SN74151 and SN74152, the following 
expression is valid. 


F = ABCDy + ABCD, + ABCD, + ABCD, + ABCD, 


+ ABCD, + ABCD, + ABCD, (2) 


The logic function to be implemented can be obtained from 
expressions (1) or (2) by conditioning the desired 
minterms, and eliminating unused minterms. A minterm is 
conditioned by applying the appropriate logic signal to its 
corresponding data input. Such a conditioning signal can 
vary from a simple logical “1” to the output signal of a 
complex gate array of combinational logic. Minterms are 
eliminated by applying a logical “0” to the appropriate data 
inputs. 

If more minterms than are available in expressions 
(1) and (2) are required, they may be created by 
appropriate conditioning of one or more data inputs and/or 
using more than one data selector connected as in Figure 
19. Use of n data selectors with m data inputs provide a 
total of mn minterms. 
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FIGURE 19. Block Diagram Showing How Minterms 
Can Be Expanded By Cascading Data Selectors 
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Karnaugh Maps 


There are several ways by which it is possible to 
determine, for a-given logic function, which minterms are 
to be eliminated or conditioned. One such method is the 
use of Karnaugh maps. 

A Karnaugh map is an orderly arrangement of all 
possible combinations of its variables. Each cell represents a 
unique combination of these variables. In other words, each 
cell represents a minterm. 

Numerical values can be assigned to the cells of a 
Karnaugh map by considering the minterms as binary 
numbers. 

When the logic expression of a data selector is 
represented by a Karnaugh map, the numerical value 
assigned to a cell corresponds with the number of the data 
input which governs the minterm represented by that cell. 
This means that the cell with numerical value n represents 
the minterm governed by Ep, in the case of the SN74150, 
and by Dn when the SN74151 or SN64152 is considered. 

Three- and four-variable Karnaugh maps with 
numerical and data-input designations are shown in Figures 
20 and 21. A is the least significant variable. 

When the number of variables in the logic function 
to be implemented is equal to or less than the number of 
data select inputs of the data selector, a single map 
representation of the desired logic function is used to 
determine data input conditioning. The data inputs 
governing cells marked ‘0’ must be made logical ‘Q’ and 
those governing cells marked ‘1’ must be made a logical 
ig bis 

When the number of variables in the desired logic 
function is greater than the number of data select inputs of 
the data selector, it is easier to use multiple map 
representation of the logic function rather than an 


FIGURE 20. Three-Variable Karnaugh Map With 
Numerical and Data Input Designations for 
SN54/74151 and SN54/74152 


FIGURE 21, Four-Variable Karnaugh Map With 
Numerical and Data Input Designations 
for SN54/74150 


expanded single Karnaugh map. In most cases, data-input 
conditioning can be determined more rapidly with a 
multiple map representation where the number of variables 
in each map is equal to the number of data select inputs of 
the data selector. 


The multiple mapping method is illustrated by the . 


following examples. 


Example I eeu! en ae _ 
Logic function: F = ABC + ABC + ABC 
Data Selector: SN54/74151 or SN54/74152 


The conditioning signals to be used are 


Dy = 95= 05 =1 


Example 2 — 8 
Logic function: F= B+ AC+ AC 
Data Selector: SN54/74151 or SN54/74152 


Example 3 as a 
Logic function: F = AC + ACD + BD 
Data Selector: SN54/74150 


= Eg = Eg Ey = Eig Eig 
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Example 4 a — 
Logic Function: F= AC + ACN + BN 
Data Selector: SN54/74151 or SN54/74152 


The number of available data select inputs is 3. 
Therefore, 3-variable Karnaugh maps will be used. The 
number of variables in the desired logic function exceeds 
the number of available data select inputs by one 
excess-variablé (N). 

The logic function must be expanded to obtain an 
expression in which all minterms contain the excess-variable 
N. The minterm AC in the desired logic function does not 
contain the excess-variable N, and must be expanded as 
follows: 


AC (N +N) = ACN + ACN 
The expanded logic function is then 


F = ACN + ACN + BN + ACN 

The excess-variable N may appear in either one of 
two different states. Therefore, two maps are necessary to 
account for all possible combinations of the variables. The 
first map is valid for N = 0 or N = 1. Therefore, the 
conditioning signals derived from this map have to be 
AND-ed with N. 

The second map is valid for N = 1 and the 
conditioning signals derived from this map must be AND-ed 
with N. 

The total conditioning signal for the data-inputs is 
obtained by OR-ing the conditioning signals derived from 
identically numbered cells of both maps shown 


86 


Zaza zizizizizi 
[| | | | | | | | 
© °o 221210 212) 
O-O0--30-0 


tot bot tt tow tt 


22222222 
ozozz020 


1 
1 
0 
1 
1 
1 
0 
0 


The conditioning signals to be used are 


Do=Ds5=N 
Dy=D3=Dq4=1 
D2=D7=0 


Dg =N 


Example 5 

Logic Function: F = ACNM + ABDM + AC 
+ ADNM + BDNM 

Data Selector: SN54/74150 


The number of data select inputs is 4 and 
consequently 4-variable Karnaugh maps must be used. The 
number of variables (6) in the desired logic function 
exceeds the number of available data select inputs by 2. 
The 2 excess-variables M and N may appear in 4 different 
combinations, which means that 4 Karnaugh maps are 
necessary to account for all possible combinations of the 
variables. 


Map 1 is valid for: MN = 1 
Map 2 is valid for: MN =] 
Map 3 is valid for: MN = 1 
Map 4 is valid for: MN = 1 


The conditioning signals derived from a map must be 
AND-ed with the combination of the excess-variables for 
which that map is valid. The total conditioning signals for 
the data inputs is obtained by OR-ing the separate 
conditioning signals derived from equally numbered cells of 
the 4 maps. 


Again, the logic expression must be expanded to 
obtain an expression in which all minterms contain all 
excess-variables. 


The minterms are expanded as follows: 


ABDM = ABDM (N + N) = ABDMN + ABDMN 
AC (MN + MN + MN + MN) = ACMN + ACMN + ACMN 
+ ACMN 


The resulting expanded logic function is 


F = ACMN + ABDMN + ABDMN + ACMN + ACMN 
+ ACMN + ACMN + ADMN + BDMN 


MAP 1; MN = 1 


MAP 2:MN = 1 
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MAP 3; MN = 1 


The conditioning signals to be used are: 


O04 2-85 10 


Ey = MN 


re alae i 


FAO dada) 


Eg=M+N 
Eg = MN 


MAP 4; MN = 1 


O*-MN = 0 0 

1°MN = MN MN 

O-MN = 0 0 

1°MN = MN MN +MN=M 

1°MN = MN MN +MN +MN+MN=1 


O*MN =0 col, oie rl 

1°MN = MN MN + MN + MN +MN = 1 
1°MN = MN MN +MN=M__ 

O°MN =0 — MN 
1°MN = MN MN +MN+MN=M+N 


O*MN =0 0) 

1°MN = MN MN +MN=M 

1°MN = MN MN + MN + MN + MN = 1 
O*MN =0 MN +MN=N 

1°MN = MN MN + MN + MN -+MN = 1 
O°MN =0 MN 


Ei3=N 


Examples 4 and 5 show that if a ‘1’ appears in equally 
numbered cells of ail maps, that particular conditioning 


_ signal is independent of all the excess-variables and is a 


logical ‘ 1’. Similarly, if a‘ 0’ appears in equally numbered 
cells of ail maps, that particular conditioning signal is 
independent of the excess-variables and is a logical ‘0’. 


IX DECODERS / DEMULTIPLEXERS 


by Arden Douce 


This chapter discusses decoders/demultiplexers with partic- 
ular reference to the SN54/7415 4 i.e. a 4-line to 16-line 
decoder or a 1-line to 16-line demultiplexer. A 24-pin 
device, the MSI] SN54/74154 has four inputs which are 
decoded internally to address one of sixteen outputs. 
Enable and Data inputs permit input data to be transferred 
to the addressed output upon application of an enable 
signal. Use of this device leads to increased reliability due to 
reduction in package count, number of interconnections 
and wiring complexity. 

Applications of the SN54/74154 as a decoder, min- 
term generator, code decoder and demultiplexer are also 
discussed. 


CHARACTERISTICS 


Logic Description 

A block diagram of the SN54/74154 is shown in 
Figure 1. Figure 2 is a SN54/74154 logic diagram. In 
Figure 2, four binary-coded address inputs A, B, C, and D 
are decoded internally to address only one of sixteen 
mutually exclusive outputs. Outputs with decimal names 0, 
1, 2, ..., 15 correspond to the binary-weighted input code at 
the address inputs for A = 29. B= 91. C= 22, and D=2°. 
For example, if A=D=1 and B=C=0O, gate9 is 
addressed. 

From the truth table, Figure 3, it can be seen that all 
16 outputs will be at logical‘ 1” unless both Enable and 
Data inputs are at logical‘0’. When Enable and Data 
inputs are 0, the SN54/74154 operates as a mutually 
exclusive sixteen-line NAND-gate decoder of the four input 
address lines. The addressed output gate will be at 
logical * 0’ while all other outputs are at logical ‘ 1’. 

The SN54/74154 can be used as a one-line to 
sixteen-line demultiplexer by setting Enable = 0 and con- 
necting binary information to the Data input. This infor- 
mation at the Data input will be routed unchanged to the 
output selected by the address inputs. For example, if 
A=D=1, B=C=0 and Enable=0, then Output 9 = 
Data. All other outputs are logical ‘ 1’. 

If Enable = 1 when the address inputs are changed, 
the possibility of decoding spikes and/or more than one 
output being momentarily logical ‘.0’ is eliminated. Since 
the internal strobe line (See Figure 2) is logical ‘ G’, address 
data is locked out causing all outputs to be logical ‘ 1’. 
After switching transients have subsided, the Enable input 
can be returned to logical‘ 0’ to return control to the 
address inputs and the Data input. 
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FIGURE 1, Block Diagram of SN54/74154 
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FIGURE 2, Logic Diagram of SN54/74154 
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FIGURE 3. Truth Table For SN54/74154 
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X = Logical 1°’ or Logical ‘’0"’ 


Due to the symmetry of the positive AND gate with 
inverted inputs (positive NOR gate) used, Enable and Data 
functions are interchangeable. The names Enable and Data 
given these functions are arbitrary. Likewise, the four 
address inputs may be interchanged and the SN74154 will 
still produce the correct output when the output pins are 
relabelled. This may be convenient for printed circuit board 
layouts. 


DC Characteristics 


The SN54/74154 MSI device consists of several 
interconnected SN54/74 type gates and has Series 54/74 
input and output characteristics. Each address input (A,B, 
C,D) as well as, the Enable and Data inputs are buffered to 


present one normalized (N=1) TTL load to a driving gate. 
(See Figure 2). 


Switching Characteristics 


Propagation delay times between input and the 
appropriate output at data sheet test conditions are 
tabulated in Figure 4. The maximum propagation delay 
time through the device is 37 ns (25 ns typical) for an 
output going to logical“ 1’. For an output going to 
logical ‘0’, the maximum propagation delay time is 33 ns 
(22 ns typical). 

If the Enable input is not used and the address inputs 
do not change simultaneously Teg # 0), logical ‘0’ 
decoding spikes may occur. For instance, Figure 5(a) 
illustrates a spike occurring at output 3 as the inputs switch 
from A= 1, B=0 (output 1) to A=0, B= 1 (output 2). 
Skewing of these edges causes A = 1, B = 1 (output 3) to be 
decoded momentarily. It was determined experimentally 
when Tskew is 5 ns or less, no logical ‘0’ spikes occur on 
an SN54/74154 output. Figure 5 defines Tskew. 


PARAMETER 


Propagation delay time to logical 0 


level at output from A, B, C, or D 


t 
pd0(L} inouts through two logic levels. 


[Input(s) going low] . 


Propagation delay time to logical O 
level at output from A, B,C, or D 

tpdO(H) . 
inputs through three logic levels. 


{Input(s) going high] 


Propagation delay time to logical 1 


level at output from A,8,C,or DO 


t 
pd 1(L) inputs thraugh three logic levels. 


{Input(s) going low] 


Propagation delay time to logical 1 
‘ level at output from A, B, C, or C 
pd t(H) inputs through two logic levels. 


({Input(s) going high] 


Propagation delay time to logical 0 
‘ level at output from Data or 
pdO(E) Enable inputs. 


{Input(s) going low) 


Propagation delay time to logical 1 
level at output from Data or 
tod1(E) 
p . 
Enable inputs. 


{tnput(s) going high] 


Test Conditions: Vcc = 5 V,T, = 25°C, N = 10, Ru = 400 2 
Cy = 15pF. 


FIGURE 4. Switching Characteristics For SN54/74154 
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FIGURE 5, Typical Switching Waveforms Showing 
Effects Of Input Skew 


Differences in propagation delay time are inherent in 
a gating system of this type. Signals may propagate through 
either two or three logic levels from an input (See Figure 2) 
to an output. Also, tpqo and tpd1 are not generally equal 
for a given gate. As shown in Figure 5(a), these differences 
in propagation delay time may cause more than one output 
of an SN54/74154 to be at logical ‘0’ simultaneously 
(logical ‘0’ overlap). This overlap condition is typically 
5 ns under data sheet test conditions. 


Logical ‘0’ spikes or logical‘0’ overlap at the 
outputs of an SN54/74154 may be detrimental to the 
performance of a logic system. If the Enable is used as 
shown in Figure 5(b), the spikes and overlap are eliminated. 
Taking the Enable line to logical‘ 1” prior to changing an 
address input and holding it at logical ‘1’ for 6 ns 
(>[tpd1(L)—tpd0(E)] ) after the change of an address input 
will eliminate overlap problems for a typical device. 

Propagation delay time from Enable or Data inputs to 
a logical‘ 0” output is typically 19 ns (28 ns maximum). 
Propagation delay time from Enable or Data inputs to a 
logical ‘ 1’ output is typically 20 ns (30 ns maximum). 


APPLICATIONS 


The following section outlines several functions the 
SN54/74154 can perform. 

For purposes of simplicity, reference will be made 
only to the Series 74 devices. All statements in this section 
about Series 74 devices also apply to the Series 54 devices. 


Decoder 


The use of the SN74154 as a 4-line to 16-line decoder 
is illustrated in Figure 6. Since Enable and Data are at 
logical ‘0’, the addressed output will be logical ‘ 0’. This 
type of circuit is often referred to as a 1-of-16 decoder. 
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FIGURE 6. The 4-Line-to-16-Line Decoder 


Figure 7 illustrates four SN74154 decoders used to 
decode 6 variables to 1 of 64 lines. Both Enable and Data 
inputs are used on the four devices to determine which 
device is activated. Since Enable and Data must be 
logical‘ 0” to activate a device, proper decoding of the 
signals at these inputs is necessary to activate only one 
device at a time. 

The above method can be extended to any number of 
variables with additional SN74154 devices. For instance an 
8-line to 256-line (1-of-256) decoder can be constructed 
with seventeen SN74154 devices. As shown in Figure 8, one 
SN74154 decoder controls the Data inputs of sixteen 
others. By controlling the Enable line of device-16, all 256 
outputs can be disabled simultaneously. 

The 1-of-24 line decoder shown in Figure 9, demon- 
strates the use of the SN7442 4-to-10 line decoder with the 
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FIGURE 8. The 8-Line-to-Line Decoder with 
Inhibit Capability 


SN74154. The full decoding capability of a second 
SN74154 is not necessary and a simpler decoder can be 
inserted in its place. 

By using a SN7493 binary counter to drive the 
address inputs, a ‘Clock Time Generator ’ can be construc- 
ted. To obtain positive pulses from a particular output of 
the SN74154, an inverter must be inserted as shown in 
Figure 10. By using cross-coupled NAND gate latches, 
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pulses can be extended over several clock pulse periods such 
as T9.13, shown in Figure 10. The latch sets when output 9 
goes low and resets when output 14 goes low. If the Data 
input is used as a strobe, decoding spikes may be eliminated 
from the output. This is especially important when an 
asynchronous counter such as the SN7493 is used on the 
address inputs. 
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FIGURE 9. The 5-Line-to-24-Line Decoder 
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Minterm Generator 


When operated as a decoder, the SN74154 can 
function as a low active-output minterm generator produc- 
ing 16 possible minterms from four variables. The desired 
minterms can be summed by a positive NAND (negative 
NOR) gate as illustrated for functions F bP F., F3, F 4? and 
F¢ in Figure 11. 

' Although limited to 10 outputs, the SN7442 4-line to 
10-line decoder can be used in decoding applications similar 
to the SN74154 4-line to 16-line decoder. By use of NOR 
gates, an ANDing of input variables can be obtained from 
the outputs of the decoders as pictured for functions F7, 
Fo, F,,, and F)5. The SN74154 AND-OR-INVERT gate is 
used as a 4-input NOR gate in Figure 11. Since H and I can 
be any variable, the outputs of other decoders can be used. 
Therefore, the number of variables ANDed together could 
far exceed the 9 variables listed for F1 2. 

By using the SN7442 and SN74154 shown in 
Figure 11, any combination of the seven input variables A, 
B, C, D, E, F, and G can be obtained as an AND function 
by programming with only a two input NOR gate (Fo). 


FIGURE 10. Clock Time Generator 
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FIGURE 11. Minterm Generator 


To illustrate the method used to obtain function F5, 
refer to the Karnaugh maps in Figure 12. The function is 
mapped in Figure 12(a). As shown in Figure 12(b), the 1’s 
are grouped to obtain the following minimal expression: 


Fs = BCD + ACD + ABD 


As illustrated in Figure 12(c), another method of 
grouping 1’s is to encircle the group whose D is ‘1’ and 
inhibit those individual cells within the group containing 
‘0’, ic. ABCD and ABCD. 


F=D- (ABCD): (ABCD) 
F = BCD + ACD + ABD = Fs 
Note that F illustrated in Figure 12(c) is identical to 

Fs5 when simplified. Since the inverted output exists for all 
16 possible combinations of inputs, the latter method lends 
itself quite readily to use with the SN74154 decoder. A 
single three-input AND gate (SN74H11) or a NAND gate 
and an inverter will decode the complete expression from 
the SN74154 decoder. Figure 11 is only one example of 
how very complex logic operations can be implemented 
with only a few packages by using the SN74154 in 
combination with other MSI circuits (such as SN74150, -1, 
-2, -3, multiplexers and SN7442, -3, -4, and SN74155 
decoders). j 


c) Fs = D * (ABCD) * (ABCD) 


FIGURE 12. Mapping For Function 
Fs; Of Figure 11 


Code Decoders 


Several special purpose 4-line to 10-line MSI decoders 
are available in the SN74 series. An SN7442 BCD-to-Dec- 
imal decoder is used for 8421 decoding. An SN7443 Excess 
3-to-Decimal decoder decodes Excess-3 inputs directly. It 
also can decode the 2421 code if the D input is inverted 
and the outputs rearranged. Excess-3 Gray inputs are 
decoded by an SN7444 Excess-3 Gray-to-Decimal decoder. 

Each special-purpose decoder above accepts only one 
specific four-bit code. But the SN74154 with strobe 
capability can decode any four-bit code if the appropriate 
outputs are selected in the desired sequence. For example, 
Figure 13(a) illustrates the output selection sequence nec- 
essary to completely decode the four-bit Gray code. And 
Figure 13(b) shows an output selection matrix by which 
the SN74154 can decode each of the four-bit decimal codes 
described above. 


Demultiplexer 


A typical application of the SN74154 used as a 
demultiplexer is illustrated in Figure 14. Parallel input data 
is converted to serial form by an SN74150 16-line to 1-line 
multiplexer. This serial information is then transmitted to 
the Data input of an SN74154. By operating the address 
inputs of the SN74150 and SN74154 synchronously, 
parallel information is transferred bit-by-bit from the 
parallel inputs of the SN74150 to the parallel outputs of 
the SN74154. Latches may then be used to store this data 
in parallel form. 

Multiple bits of data may be transmitted from one 
parallel input of the SN74150 to the corresponding parallel 
output of the SN74154. When the system illustrated in 
Figure 14 is used in this manner, parallel storage latches at 
the output of the SN74154 are not necessary. Since the 
SN74150 inverts information, an inverter has been used at 
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its output to re-invert the serial output data. No inversion 
occurs at the SN74154. 

Often the digital data transmission system illustrated 
in Figure 14 is entirely adequate. However, transmission of 
error-free data over long lines in a noisy environment may 
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require special transmission-line drivers and receivers and 
careful selection of a suitable transmission line. If 
necessary, the SN55107 series of Line Drivers and Line 
Receivers should be used to interface between transmission 
lines and TTL devices. 

Figure 15 illustrates a method of obtaining a 32-line 
demultiplexer using two SN74154 devices. Since only two 
devices are involved, the complementary outputs of a 
flip-flop are used to select which device is activated. A 
strobe is gated with serial data to eliminate decoding spikes. 

An SN74154 can be used for more complex demul- 
tiplexers than those illustrated above. For instance, the 
circuit illustrated in Figure 8 can be used as a 256-line 
demultiplexer simply by applying binary data to the Data 
input of device-16 and sequencing the address inputs. 


FIGURE 15. The 32-Line Demultiplexer 
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FIGURE 14. The 16 Line Parallel-To-Serial and Serial-To-Parallel Data Transmission System 
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X SIMPLE BINARY TO BCD & BCD TO BINARY CONVERTERS 


by Bob Parsons 


Converting from binary to binary coded decimal (BCD), or 
vice versa, is necessary for a number of practical applications 
such as display systems, tape readers, keyboard decoders 
and computer interfaces. Complex function integrated 
circuits together with a suitable set of control algorithms 
allow simple, easily implemented, conversions to be made, 
without the need for the usual comparators, reversible 
counters or decoding matrices. 

Using this method the conversions can be very fast 
since only one clock pulse is required for each bit to be 
converted, unlike methods based on counting. Each decade 
is complete in itself, and additional decades may be added 
without modification to previous stages. The complexity 
increases linearly with the number of decades to be 
converted and not in a 2" manner as with methods using 
gates only. 


MATHEMATICAL MANIPULATION 


The conversion processes are based on a modification 
of a method described in 1958!. 


Binary to BCD conversion 
A binary number Np is usually expressed in the 
following form:— 


Np = bab ce b1, bo, 
where n is the number of bits and is either 1 or 0. 
Example: decimal 45 in binary notation is 101101. 
The powers of 2 are assumed in a similar manner in 


ascending order from right to left, as are the powers of 10 
in any decimal number. 


Shift Direction 


Register Grouped into Decades. 


The equivalent decimal number, Np» is given by:— 
7 n-1 1 0 
Np = Deane + ...+b).2° + b.2 (1) 


A six bit binary number, for example would be:— 


Np = bs.2° +b4.24 + b3.23 + b5.27 + b,.2! + bp.2 


e.g.: 45 = 1.32+0.164+1.8+14+0.2+1.1=324+8+441 


This can be written in an alternative form as:— 


Np = ([(bs2 + by2 + b).2 + by].2 + b)2 + bg 


eg. 45= ([¢:2 + 0).2 + ) oe i] a4 0) 2+1 


This form is known as ‘nested multiplication by 2’, 
and the effective repeated multiplication by two can be 
carried out by shifting Np into a register, most significant 
bit (MSB) first. Each shift pulse multiplies the digits by 
two since each bit is moved to the next MSB position. The 
register is grouped to form decades as shown in the example 
below. 

Here, when b is a 1, and cross the boundary between 
decades, it only increases from 8 to 10, since the register is 
grouped into decades, instead of doubling from 8 to 16. 
This deficiency of 6 is corrected by adding 6 to the units 
decade when a | crosses the units-tens boundary. Similarly 
a 6 must be added to the tens decade when a | crosses the 
tens-hundreds boundary, and likewise for the other decades. 


10° Binary Number 
4 2 1 
be bs by b3 b, db, bo 
b¢ by by b; b, b, bo 
6 Os by bz b, by by 
be bs by bz by by by 
b b, b, b 
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However, a decade must have contained a number equal to 
or greater than 8 before shifting for such a transition to 
occur. If a number equal to or greater than 8 is detected 
before shifting, 3, which doubles to the required 6 upon 
shifting, is added to the decade asa correction. Correction 
is also required if, after shifting, a decade contains a number 
greater than or equal to 10. Since by definition a decade 
cannot contain a number greater than 9, 10 must be 
subtracted from this decade and a 1 added to the next most 
significant decade. To produce a number greater than or 
equal to 10, a decade must have contained a number greater 
than or equal to 5 before shifting. If this condition is 
detected, 5 is subtracted from the decade before shifting; 
this being equivalent to subtracting 10 after shifting. 
Provision for entering a 1 into the next decade can be made 
by entering a 1 into the 8’s position of the previous decade 
before shifting. Note that if before shifting a decade con- 
tains a number greater than or equal to 5, 8 is added and 5 
subtracted. This is accomplished simply by adding 3 to the 
decade. 

In the process described, it can be seen that any 
decade requires the addition of 3 before shifting if it 
contains 5, 6, 7, 8 or 9. States 10 to 15 inclusive never 
occur in a decade after adding 3 and shifting if the above 
corrections are applied. 

The logic required to implement this correction is 
derived as follows. From the Karnaugh map in Figure 1, it 
can be deduced that 3 is added to the contents of a decade 
if the function @ = (8 + 2-4 + 1-4) is detected, i.e. numbers 
25, 


FIGURE 1. Minimisation of the Correction Function > 
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BCD to Binary Conversion 

An integral decimal number, Np> is usually written as 
an n digit binary number in the form of equation 1. If 
both sides of this equation are divided by 2, a quotient Q 0 
which is an integer, and a remainder by are produced. 
Thus, 


N 
De “1 
9) a Q, + bo.2 9 
where Q, = b, ,.2%+... + b,.2° 


The remainder term containing bp is important as it 
is the least significant binary digit in the binary equivalent 
of the BCD number. 

Q, is next divided by 2 giving a new quotient Q, and 
a remainder b,. 


Q, 
ae fe ~l 
5 Q, +b,.2", 


where Q, = b.,.293 40. by 2” 


n-1° 

The remainder containing b, thus obtained is the 
desired next binary digit. This process is continued until 
Qn = 0. The repeated division of Qn by 2 can be carried out 
by shifting Q,, out from a binary weighted register, least 
significant digit first. 

The decimal integer that is loaded into the shift 
register is in BCD form and repeated shifting will not 
always result in correct division by 2 when a | crosses the 
boundaries between decades and so corrections are 
required. 

The BCD register is grouped to form 1248 decades 
as shown in the example below. 

When a | crosses the boundary between decades, it 
only decreases from 1 x 10" to 8 x 10°! instead of 
1x 10" to 5 x 10"! This excess of 3 can be corrected by 
subtracting 3 from the 10°"! decade when a 1 crosses the 
10" to 10%! boundary. To require this correction a decade 
must have contained a 1 in the 1 x 10" column before 
shifting. The presence of this 1 can be used to control the 
subtraction of 3 from the decade. This subtraction is 
accomplished by the addition of the 2’s complement of 3, 
1101, to the contents of the decade. 


10° 
1 8 4 2 1 
by bz by by by 
bs b, 6b; by by 0 
be bs by bs by 1% 
b, be bs by b, a ey 


Serial Binary 
Output 


Two practical worked examples for the conversion of 
BCD 29 and 56 to binary are now given. 


29 
BCD 
Z 9 
BCD Input 0010 1001 
001 0100 ] 
00 0111 0 1 
0 0011 101 
0001 1 1 0 
000 111 
00 O01 1 
0 001 
Converted Result 000 
56 
5 6 
BCD Input 0101 01410 
010 100 0 0 
0 1 0100 00 
0 0111 00 
0011 1 0 
00 1 1 1 
0 0 1 1 
0 0 1 
Converted Result 00 


PRACTICAL CIRCUITS 


Binary to BCD Converter 

A 4 decade Binary to BCD converter is shown in 
Figure 2. The operating mode of the SN54/74199 8 bit 
shift register is controlled by the logic level at the Mode 
input: a high input gives Right Shift and a low input gives 
Parallel Load. In the Binary to BCD converter the 
SN54/4199 is used only as a parallel register therefore the 
Mode input can be tied to ground. Both the Clear and the 
Clock Enable inputs are ‘low active’ so the latter is tied to 
ground and the former is taken to a logical ‘1’ while 
conversion is taking place. 

To carry out a conversion the Binary number is 
applied serially to input A of the register, most significant 
bit (MSB) first and the register is clocked as each new bit is 
applied. If no correction is required to the contents ofa 
decade the binary number is shifted right since each bit is 
connected to the next stage via an SN54/7483 four bit 
adder. 


0 
0 
0 
1 
l 
1 


Serial Binary Output 


(correction of -3) 


(correction of -3) 


orrection of -3) 


The four outputs of each decade are connected to an 
SN54/74H52 gate as shown. This device performs the 
following logic function:— 


Y = (AB)+(CD) + (EF) + (GHI) + X 


where Y is the output and X the expander input (not used 
in this application). It will therefore give the required 
function ¢: 


g@ = QA + QRAc + Qn 


as specified by the Karnaugh map in Figure1. When the 
number in a decade is > 5, Y is high and a logical ‘1’ is 
applied to the B, and B, inputs of the SN54/7483 four bit 
adder so that an extra 3 is added to the inputs A, to A, 
etc. The corrected sum is then transfered into the shift 
register on the next clock pulse. 

No addition or correction circuits are required on the 
final decade since the contents of the final register will 
always be a valid B.C.D. number. The Right shift is given 
by connecting each output directly to the succeeding input. 
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An N bit binary number will always be converted 
after N clock pulses and appear in parallel BCD form at the 
output of the register. The BCD capacity of the register 
must, of course, always be as great as the binary number to 
be converted. The number of decades (D) required for N 
bits is as follows:— 


N D N D 
p23 1 34 — 36 11 
4—6 2 37 = 39 12 
(oo 3 40 — 43 13 
10 — 13 4 44 — 46 14 
14 — 16 5 47 — 49 15 
17 — 19 6 50 — 53 16 
20 — 23 7 54 — 56 17 
24 — 26 8 57 — 59 18 
27 — 29 9 60 — 63 19 
30 — 33 10 


The maximum clock frequency for this converter 
assuming maximum delays in all devices is 7.7MHz or 130ns 
per bit. This is made up as follows: 


t(ns) 0O 
Q,, to Y (H52 propagation) 
15 
B, to&, (add and carry propagation) 
75 
register set up time 
95 
register propagation delay 
130 


A more typical delay would be in the order of 100ns. 
Note that there is no carry between decades so the carry 
propagation time shown will not increase as the magnitude 
of the number to be converted increases. It would also be 
possible to perform the decade corrections with a straight 
forward combinational circuit using SSI gates. However it 
would take at least 7 gates per decade and the delays would 
be as great. Another approach 2, 3,4, 5, © would be to use 
a Read Only Memory such as the SN54/7488 for the 
correction logic. This is a 256 bit ROM having a 5 bit 
input and giving out 32 words of 8 bits. Thus only a quarter 
of its capacity would be used but approximately 25ns 
would be saved in propagation delay. 
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BCD to Binary Converter 

The BCD to Binary converter does not need an 
SN54/74H52 to control the correction logic since, as stated 
before, it is only necessary to know if there is a ‘1’ in the 
1 x 10" column prior to shifting. 

The schematic of the converter is shown in Figure 3. 
The Right shift mode of operation in the SN54/74199 now 
becomes very useful. Since a BCD number, unlike a 
Binary number, does not have a common ratio between the 
weights of successive bits it is necessary to have a complete 
BCD number in parallel form prior to conversion. This is 
easily achieved by taking the Mode control to a High level 
which allows the BCD number to be shifted in serially 
via the J.K. inputs — these two inputs can be wired 
together to give a D type of input function. 

Once the BCD number has been loaded into the regis- 
ter with the MSB of the most significant digit in the first bit 
on the right of the shift register, the Mode control is changed 
to a Low level. Each clock pulse to the shift register will 
now shift the number to the left and the Binary number 
will be available at the left hand end of the register in 
serial form, LSB first. 

Every time a correction is necessary, that is when 
there is a ‘1’ at the Qy (or Qyy) output of the previous 
decade, binary 13 (1011) is applied to the B, to B, inputs 
of the adder. This is the 2’s complement of 3 so 3 is 
subtracted from the number at the inputs A, to Ag. 

The operating speed of this converter is similar to that 
of the Binary to BCD version but 15ns is saved by the 
omission of the AND—OR gate. 

There will, of course, be a period of approximately 
30ns per bit required to shift the BCD number into the 
register initially. However, this will probably coincide with 
some slow operation such as manual entry from a key- 
board which will make this period insignificant. 
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FIGURE 2. Binary to BCD Converter (4 decades) 
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FIGURE 3. BCD to Binary Converter (4 decades) 
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X! FAST BCD TO BINARY & BINARY TO BCD CONVERTERS 


by Denis Spicer 


The converters discussed in the previous chapter were 
economical both in power consumption and package count, 
but do not give an optimum solution where speed is essential 
or where data has to be handled in parallel form. Also 
various control inputs must be provided. The circuits 
described in this chapter use TTL code converters, i.e. the 
SN54/74184/5A, which are specially derived from the 
SN54/7488 custom MSI 256 bit Read Only Memory. These 
devices enable very high speed parallel converters to be 
produced without the need for any external control logic. 


DESCRIPTION 


BCD to Binary Converters 


As stated the SN54/74184 BCD to binary converters 
are based on the SN54/7488 Read Only Memories which 
are programmed with the truth table as shown in Table 1. 
Code conversion is performed on a direct look up basis. 

The least significant bits of the BCD and binary codes 
are logically equal so that this bit bypasses the converter as 
in Figure 1. 


6-BIT CONVERTER 
MSD 


SN54184 OR SN74184 
YS Y4 Y3 Y2 Y1 


25 24 23 22 91 20 


ee 
6-BIT BINARY OUTPUT 


FIGURE 1. Six Bit BCD to Binary Converter. 


The SN54/7488 Read Only Memories have 32 words 
of 8 bits storage capacity. The SN54/74184 code converters 
use 20 words of five bits for BCD to binary conversion of 
numbers from 0 — 39. The storage of the SN54/7488 Read 
Only Memory is sufficient to convert BCD numbers up to 
63. However, the SN54/74184 converters have been restricted 
to BCD numbers up to 39 in order that they may be 
cascaded for converting BCD numbers of several decades. 


Table I. 


TRUTH TABLE 


OUTPUTS 
(SEE NOTE B) 


< 


1G 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 


Trrrrrrrrrrrrrrrrre’ee 
PrererrrrrTrTzrTrTrTrrerrrrrreer 
rerrrrztrarrrrrrrzrrrrrrerrer 
TororPrPrTrTerrrTrTrrrrrriairr 
rFrrertrrertrerertrrtrerrtrrrrtiriaigiir 


H = HIGH LEVEL, L = LOWLEVEL, X = IRRELEVANT 
NOTES: A INPUT CONDITIONS OTHER THAN THOSE SHOWN 
PRODUCE HIGHS AT OUTPUTS Y1 TO YS5. 
B. OUTPUTS Y6, Y7, AND Y8 ARE NOT USED FOR 
BCD-to-BINARY CONVERSION . 


An over-riding enable input (G) is provided on each 
converter which, when taken high, inhibits the function, 
causing all outputs to go high. For this reason, and to mini- 
mise power consumption, all unused and ‘don’t care’ 
conditions of the code converters are programmed high. 
The outputs are of the open-collector type. 

In addition to BCD-to-binary conversion, the SN54/ 
74184 is programmed to generate BCD 9’s complement or 
BCD 10’s complement. Again, in each case, one bit of the 
complement code is logically equal to one of the BCD bits; 
therefore, these complements can be produced on three 
lines. As outputs Y6, Y7 and Y8 are not required in the 
BCD-to-binary conversion, they are utilized to provide these 
complement codes as specified in the truth table, given in 
Table 2, when the devices are connected as shown in 
Figure 2. 
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Table 2. 
WORD E 


OUTPUTS 
SEE NOTE D) 
Y6 


INPUTS 
(SEE NOTE C) 
Cc 


o 


pg[ereee|pereer(eeee epee 


Torrerlrrrrrrcrmrererr\|rrerrerer 
re rrrmcereerr|rrrcrrrziqrrreee 
er rcreeler crerer|rerrrririrwire 
Tercuexrercurerwr|rerirtrigreiriry|> 
errr rir er corer rrere"l|rr ric 
rrr rczrrcorerelerrrrzwrrire 
mroerre|zcrererrirgzerioirjrzrerere 


NOTES: C. INPUT CONDITIONS OTHER THAN THOSE SHOWN 
PRODUCE HIGHS AT OUTPUTS Y6, Y7, AND Y8. 

D. OUTPUTS Y1 THROUGH Y5 ARE NOT USED FOR 

BCD 9’s or BCD 10’s COMPLEMENT CONVERSION. 


tWHEN THESE DEVICES ARE USED AS COMPLEMENT CON- 

VERTERS, INPUT E IS USED, AS A MODE CONTROL. WHEN 
THIS INPUT LOW, THE BCD 9’s COMPLEMENT IS 
GENERATED; WHEN IT IS HIGH, THE BCD 10’s COMPLE- 
MENT IS GENERATED. 


BCD 10's BCD 9's 
COMPLEMENT CONVERTER COMPLEMENT CONVERTER 


BCD 


SN54184 OR SN74184 


SN54184 OR SN74184 


vs ‘7 Y6 Y8 Y7_Y6 


Tp Tc Te Ta Np Nc Ne Na 


BCD 10’s COMPLEMENT BCD 9’s COMPLEMENT 


FIGURE 2. Complement Converters (BCD’s 
9 and BCD’s 10). 


SN54/74185A Binary to BCD Converters 


The SN54/74185A binary to BCD converters are also 
based on the SN54/7488 Read Only Memories. The Read 
Only Memories are programmed with the truth table as given 
in Table 3 and code conversion is performed on a direct 
look up basis. The least significant bits of the binary and 
BCD codes are logically equal so that this bit bypasses the 
‘converter as in Figure 3. 
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Table 3 


INPUTS 


BINARY 
ENABLE 
G 
L 


OUTPUTS 


BINARY 
WORDS| SELECT 


DC 


< 
oa 
< 
a 
< 
iN) 
< 
N 
< 
) 


0-1 
2-3 
45 
6-7 


TUTUTIUTTILTOGUTTCILTTLTIITrTrTrTTrTrTrIrzyzrTrr1zrrtirirt 
rrerjlrrererlerer err TTT TTIITTIITe rer rerrecee 
Pexouztirrrelrerrr|rrrzyrerrer|rr rzrrir8eereer 
eerterlrereztlererere\rererer|(r cree creer zeererer 
rere zyrererer| steerer creer ocrzerrzprererryrire 
meer reer\|re cele re zee rcri|reer zie rerjreirr 


BA 
LL 
LH 
HL 
HH 
LL 
LH 
HL 
HH 
LL 
LH 
HL 
HH 
LL 
LH 
HL 
HH 
LL 
LH 
HL 
HH 
tLe 
LH 
HL 
HH 
Le 
LH 
HL 
HH 
LL 
LH 
HL 
HH 
x X 


x\SBTTLererrr|cCrrrerrrrrcrcrzryerrrrez~rrzerer 


cpreepercherepersererrreleerrene 


xl rTeTrrcrerric rT ercrrT rT rTCTerrrr|rrerr|rrrrerrerim 
<x\rerrrrcrrerrerrlrrrrrrrTryrrxgcrzgererrreeer 


=z 
= 
=z 
= 
= 
= 
= 
= 


6-BIT BINARY INPUT 


25 24 23 22 21 20 


SN74185A 


Y6 Y5 Y4 Y3 Y2 Y1 


6-B!IT BCD OUTPUT 


FIGURE 3. Six Bit Binary to BCD Converter. 


The SN54/74185A uses all 32 words of the SN54/ 
7488 Read Only Memory storage capacity. The 6 bit BCD 
output appears on outputs Y1 to Y6 and has a BCD range 
of 0 — 63. Outputs Y7 to Y8 from the Read Only Memory 
are unused and programmed high. An over-riding enable 
input (G) is provided on each converter which when taken 
high inhibits the function, causing all outputs to go high. 
The outputs are of the open collector type. 


CASCADING SN74/54184 CONVERTERS FOR 
BCD TO BINARY CONVERSION OF 
MULTIDECADE NUMBERS 


Two Decade Converter 


Two SN54/74184 devices are required to perform two 
decade BCD to binary conversion. The devices are connected 
as in Figure 4. Since all the BCD to binary converters for 
more than two decades use the two decade converter as a 
‘building block’ this converter will be described first. 


‘UNITS’ 


OPEN 28 20 
BINARY 


FIGURE 4. BCD to Binary Converter for 
Two Decades 


A two decade B.C.D. number, N, may be written:— 


1 
N=4d,10 + dy 


writing d, in BCD form, N becomes 


Sib 2745 2! 


N= (b,2 2 1 


1 
+ b,)10 + do 


rearranging the bracket gives: — 


_ 3 | 1 1. 
N = (b,2° + b,2°) 10° +(b,2' + bp) 10 + 


Step 1 Carry out BCD to binary conversion with |.C.1 (See Note 1) 


+b 2 +b 2° +b 2° +b. 2 +b 


1,5 1,4 1 


3 1,1 
2°+b, 2 +b 


2 
3 2 +b, 12 +b, 2 +by 


- 3 2471 1 
N= (b,2 +b,2 10 + be 


rearranging and removing a factor of 2? 
1 


1,3 12 1 
2 +b, 


2'+b 1127+b,'2'+b,! 
Step 2 Carry out BCD to binary conversion with |.C.2 (See Notes 1 


2544, 253,, 2524, 2514, 2 and 2) 
2*+b,°2°+b,“2°+b,“2'+ by 


N= [(b,2 +b )10' +b 2 +b 


2,5 
b, 2 tb, 


ee pee 
N= [bo°2°+b,°2°+b,°2°+b,°2°+b, 


multiplying out the bracket:— 


2,7 2 


N=b, 2 tb, 2 +b, 2 tb, 2 tb, 2 


2 1,1 1 
+ 
bo 2 +b, 2 tby 


which is the required binary result, 


Note 1. The superscript ‘m’ in a 
the m’th conversion, 


is used to denote the result of 


Note 2. Since the maximum value of d, is 9, the maximum value of 
(b2" + b,) at step 2 has b. = 1,b, =0 corresponding to a decimal 
number for conversion <29. Hence b is always zero and may be 
left disconnected. This condition does not apply when the two de- 


cade converter is used as a ‘building block’ to construct the higher 
decade converters. 


Multi Decade Converters 


BCD to Binary converters for more than two decades 
may be constructed by cascading the basic ‘building block’ 
of the two decade converter. The resulting circuit arrange- 
ments for converters of 4, 5 and 6 decades are given later in 
Figures 7 to 10 anda 3 decade converter is explained below. 
Mathematically the cascading procedure is as follows: — 


A decimal number N is generally written in the form:— 


N=d 10" — 4S 4q 


n—-1 0 


d, 101 +4,10°..(;) 


n—2! O 


where n = numbers of decades. 


This number may also be written in nested multipli- 
cation form. 


Le. N= (Gud, 4) 104d, 5) 10...d4) 10 +d,)... (ii) 


—-2 


Equation (ii) shows that successive products by 10 of 
the previous result and addition of a new decade (most 
significant decades first) gives the binary result desired if 
performed in binary. 


e.g. 324 = (((3) 10+ 2) 10+4 


4 


WY 


11110 


ea aes 


100000 


\ 101000000 l 


101000100 


324 


This method of conversion may be implemented using 
the two decade converter since multiplication by 10 can be 
achieved by feeding the number to be multiplied into the 
‘tens’ input and addition of the new decade by loading it 
into the ‘units’ input of the two decade converter. The 
result at each stage appears at the output of the two decade 
converter in binary as required.. The following example 
explains the procedure in detail. 
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3 Decade BCD to Binary Converter 


The circuit arrangement of the three decade converter 
and the way in which it is built up from the two decade 
‘building block’ can be seen in Figure 5. 


BCD input 
‘100s’ ‘tens’ ‘units’ 
| | 
BLOCK 1 | 
/ 

| 
a peat 
| 

BLOCK 2 
| 
— Hora : --4 
Cr BLOCK 3 


nn 
| 
| 
} 


BINARY 


FIGURE 5. Three Decade Converter. 


The three decade number may be written:— 
N= (((d,) 10+ d,) 10 + do) 
multiplying out the first nested bracket:— 


N= ((10d, + dq), 10+ dg 


Step 1 


Perform BCD to Binary Conversion using block 1 


6 5 = 1,,.1 1,0 
b.2 +be2 vse Bg =H, 16 tH, 16° See Notes3 & 4 


N=((H, ‘16! + Hy'16°) 10 + d,) 


Multiplying out the next nested bracket 


= (10.H, "16! +10.H." 16° 


Oo 16 +d) 


Step 2 Perform BCD to binary conversion on decades of weight 
16° with block 2: 


Step 3 Perform BCD to binary conversion on decades of weight 


16' with block 3 


3 467+H 


34.2 3,-1,,, 2 


Note 3 Hexadecimal representation of binary numbers has been 
used to simplify the length of the expressions obtained. 

Note 4 The superscript “’m’’ in H™ has been used to denote the 
result of the “‘mth’’ conversion. 

Note 5 The two most significant bits of H 2 are zero since 999 is 


2 
1111100111 in binary 


CASCADING SN54/74185A CONVERTERS 
FOR BINARY TO BCD CONVERSION OF 
> 6 BIT BINARY NUMBERS 


A binary number N is usually written. 


2n- 2) b2'+b 


n—1 n—-—2 1 0 


where n = number of bits 


It may also be written in nested multiplication form: 


N= (Come (by g)2 +b, a) 2a. by) 2+ bo) .. (ill) 


Equation (iii) shows that successive products by 2 of 
the previous result and the addition of a new bit will perform 
binary to BCD conversion if the result is expressed in deci- 
mal. Various Binary to BCD converters based on this principle 
have been described in the preceding chapter. 

Implementation of equation (iii) may be carried out 
using the SN54/74185A converters. Multiplication by two 
and addition of a new bit may be achieved by shifting the 
binary word to be multiplied, one bit to the left before 
entering the SN54/74185A and entering the new bit into 
the least significant input. Multiplication by four and 
addition of two new bits i.e. two steps in multiplying out 
(iii) may be achieved by shifting the binary word to be 
multiplied two bits to the left before entering the SN54/ 
74185A and entering the two new bits into the least and 
the next least significant inputs. The required result appears 
at the output of the SN54/74185A in BCD. 

Circuit arrangements for 0 to 20 bit Binary to BCD 
converters are given later in Figures 11to 23 and the 12 bit 
converter, shown in Figure 6, is used to explain the con- 
version procedure in detail. As can be seen the mathematical 
description of the cascading process is more complicated 
for binary to BCD conversion because the binary expressions 
have very many terms. 


N= H,_"16 +H, 16 +Hy 16° = required binary number in hex. See Note 5 


2 
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PRACTICAL CONSIDERATIONS 


All outputs from the SN54/74185A code converter 
should be loaded with pull-up resistors connected to the 
+5V rail. To achieve the propagation delays quoted in the 
data sheet these pull up resistors should be 3309. To 
economise on power consumption the resistors may be 
increased to a maximum of 56kQ on those outputs which 
connect to a subsequent code converter input. There will be 
a consequent increase in propagation delay. The maximum 
value of the pull up resistors on the final outputs from the 
converters will be determined by the load the converter is 
required to drive into. 

The output from the converters will not be correct 
until all information has propagated through the last device 
in the cascaded chain. Typical and maximum propagation 
delay times for the converters are listed in table 4. Allo- 
wance for this propagation delay must be made when 
using the SN54/74184 and SN54/74185A code conver- 
ters in systems. 


The open collector pull-up resistors described above 
can represent a very severe power supply load in large 
converters. For example, the six decade BCD to binary 
converter requires 133 pull up resistors. If these were all 
330Q for minimum propagation delay, currents above 2A 
could be drawn from the +5V supply by the resistors alone 
for some conditions of the converter input. To overcome 
this problem the enable (G) input to the SN54/74184 and 
SN54/74185A devices may be used to strobe the converters. 
All outputs from the converters would be high until the 
enable input was taken low. Valid outputs from the con- 
verter would be obtained after the maximum propagation 
delay. For a large converter it would be necessary to use a 
buffer gate, e.g. an SN54/7437 Quad 2-input positive NAND 
buffer to drive the enable (G) input to all the SN54/74184 
or SN54/74185A devices in parallel. 

The BCD to binary converters of Figure 7-10 have a 
number of outputs which are left open. For example, the 
dotted link in Figure 5 is logically correct, but since the 
output from Y5 block 1 in Figure 5 is always zero (see 


Table 4 . Code Converter Propagation Delays, 
Vec = 5 Volts, Ta * 25°C, Ry (Arrays Outputs) = 1k 


2k Ohm 400 Ohm 
[eioeeiaselt eee, rite 
C, =5 pF C, =5 pF 


Typ 
60 


120 


Package 
Count 


C, = 15 pF 
Typ Max 
25 40 


80 
80 


28 


10 
11 (BCD) 
12 (BIN) 
14 
16 
19 
21 
24 
27 


30 
33 
36 
40 
44 
46 


105 


Note 2) it is better to leave YS open and connect the E 
input of block 3 directly to ground to reduce power dissi- 
pation. Considerations of this kind apply to all the BCD to 
binary converters. 


12 Bit Binary to BCD Converter 


Eight SN54/74185A code converters are required to 
construct the 12 bit binary to BCD Converter. The circuit 
arrangement can be seen in Figure 6. 


The 12 bit binary number N may be written: — 


N = ((...... O+b + 
(( (( 11) 2 big) 2+ bg) 2+b,)2+b)2+b,) 2+ bi taleoe diteco et Woeiiete Ores b,)2+b, 
Step 1 Perform Binary to BCD dq, 1 1 where the superscript nin qd,” and do denotes 
conversion on 1st 6 bits the result of the nth conversion 


= 1,,1 1,,0 
N= (CCC, 10 +d 10°) 2+b,) 2+ b,) 2+b,)2+b,)2+b,) 2+ by 


O 


Multiplying out the next two nested brackets:- 


_ | 1.0 
N=(((( 4d, 10 +4dy 10° + 2b +b,)2+b,)2+b,)2+b,)2+b 


1 5 Oo 


note. multiplying factors of 4 and 2 are introduced 
by shifting data to left 


Step 2 Perform Binary to BCD 


conversion on bits of weight 10° 


A (range 0 — 39) 
1 


N=(((8d," 10! + 2d, 10 + 2d5 240° +b) 2+b,)2+b,)2+b 


ie) 


note, multiplying factors of 8 and 2 are introduced by 
shifting data to left. 


10 Perform Binary to BCD conversion on bits 


of weight 10 


22 3 472 < 
N= ((d, 10 +d, 10 + 2d, 


2,,0 


10 +b,) 2+b,)2+b,)2+b 


ie) 


Multiplying out the next nested bracket:- 


N= ((24,° 107 + 2d, 34014 44 ? 10° + 2b, +b,)2+b,)2+b 


Oo 
Step 4 
(range 0 — 39) 
= (4, d, 3 107 + [4d 349! +2d. 10 1 + 2d5 410 + b, )at+ by After multiplying out the next nested bracket 


410° +2b,+b 


as 
= (8.d,, 3 402 +2d, > 107) + 2d, 540! + 4d 1 


(¢) 


Perform Binary to BCD 
on bits of weight 10 


(range O — 19) 
— « 6 and .6 8 2 8 ,,1 7 (2) 
N=d, 10 +(d, +d, )}10°+ dq, 10 +do 10 
(Note. Full addition of a,° and a,° is not necessary since a,° has least sig. bit missing (by-passes converter) and a,° is either ‘O’ or ‘1’) 
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After multiplying out the next nested bracket. 


After multiplying out the final nested bracket 


2 20 
A E 
STEP 1 
Y6 Y1 
E step2 4 
Y5 ¥1 
E steps ALTE  stepa 
Y6 Yul Y5 v1 
E steps ANE step 6 A 
Y5 Yaii ¥5 Y1 
Y6 YvijN4 v1 
MSD LSD 
FIGURE 6. Twelve Bit Binary to BCD 
Converter. 


MSD — MOST SIGNIFICANT DECADE 

LSD — LEAST SIGNIFICANT DECADE 

EACH RECTANGLE REPRESENTS A 
SN54184 OR SN74184 


MSD LSD 


FIGURE 7. 2% Decade BCD to Binary Converter. 
Circuit Using SN54184/SN74184 


E A 
Y¥5 y1 
PES 
Pe A Peace A 


fiz as _ 


oes Y1 fel v1 
| 
E A 
Y5 v1 
E A 
v5 v1 
213 20 


FIGURE 8. 4 Decade BCD to Binary Converter 
Circuit Using SN54184/SN74184 


216 20 


FIGURE 9. 5 Decade BCD to Binary Converter 
Circuit Using SN54184/SN74184 
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EACH RECTANGLE REPRESENTS A SN54184 OR SN74184 


: MSD 3 LSD 


OS C5 B85 AS D4 C4 B4 AA DZ C3 B3 AZ D2 C2 B2 AZ D1 C1 B1 Al DO CO BO AO 


ino 
ae 
E odbc B A 


kes 
Eo c B A 
YS Y4 Y3 Y2 Y1 
i ie 
i 


c B A E 
ii] iv 


DBD c 8 


YS Y4 Y3 Y2 Y1 


BINARY 


FIGURE 10. 6 Decade BCD to Binary Converter Circuit Using SN54184/SN74184 


EACH RECTANGLE REPRESENTS AN SN54185A OR AN SN74185A 


28 


y6é YS Y4 Y3 Y2 Y1 


MSD LSD 
FIGURE 11. 7-bit Binary to BCD Converter Circuit $$$ $ $$ 


Using SN54185A/SN74185A BCD 
FIGURE 13. 9-bit Binary to BCD Converter Circuit 
Using SN54185A/SN74185A 


29 20 
E A 
Y6 v1 
ie 
E A 
Y5 Y1 
Doe ee a ha 
E Alle A 
Y6 Y1) | Y5 Y1 


otal | 
ED A 
v4 Y1 
Y5 Y4 Y3 Y2 Y1 ca 


FIGURE sah ie Ee ee Creute FIGURE 14. 10-bit Binary to BCD Converter Circuit 
8 Using SN54185A/SN74185A 
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EACH RECTANGLE REPRESENTS AN SN54185A OR AN SN74185A 


A 
Y 


Y6 
aie 
E A 
ne, ae 


oo FEIT 
Lijit 
ee al ED 
a PR 
eae Y1 


Nl a el ed ee ee 
MSD LSD 


FIGURE 15. 11-bit Binary to BCD Converter Circuit 
Using SN54185A/SN74185A 


312 20 
A 

Y6 v1 

oes 

E A 

Y5 v1 

pele ae 
ae A ae A 


[Re = 


ae secant 


oe E Fa 
ee Y1 ae. Y1 
Ee D A 
Y4 Y1 


Vl pa  p/ 


MSD LSD 


FIGURE 16. 13-bit Binary to BCD Converter Circuit 
Using SN54185A/SN74185A 
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0 
213 2 


i 
Tee /_ 


A 
v1 
aeeeeetna 
be ae ae D 
Y4 ae 
Y5 ae 
eed Na pr Nn pa Ni pe ns pe 
MSD LSD 


FIGURE 17. 14-bit Binary to BCD Converter Circuit 
Using SN54185A/SN74185A 


a at 


e a 
a Re a 
a Fal 
— a 


foe : rt 
IN sae ee 
Y5 Y1;,Y5 

coon | | 


E AJED 
Y6 Yi, v4 Y1 
; 
MSD LSD 


FIGURE 18. 15-bit Binary to BCD Converter Circuit 
Using SN54185A/SN74185A 


EACH RECTANGLE REPRESENTS AN SN54185A OR AN SN74185A 
215 20 217 30 


v6 ae v4 aa TT v1 


ss ToT 


eee v4 i: TH YI 74 8 = 
oS y1 a = 


ei ee 
eee | an nasa Ea 
rite saarra ae 


oc sn LO 


Fe ae 
Y5 V4 Y3 Y2 YIL|YS Y4 Y3 ¥2 YI] Y¥4 Y3 Y2 Y1 sa Fe ae 


ame a Par Frail 
tise SIBLE 
v4 Y3 Y2 Y1 ae Y1 


Se amanalll 
: ae 
FIGURE 19. 16-bit Binary to BCD Converter Circuit Meee Yijy4__v1 
216 20 Nm ed cl ee pny Ne pry Ne pe 
MSD LSD 


FIGURE 21. 18-bit Binary to BCD Converter Circuit 


YS v1 
He ett 20 
aa | 
Oe I 
ere 


al LI L A ce a v5 aa 
" LE 
ER RUREEZSE aL 5 1 3 4 
ae a fit] tl 


ae Y5 yily4 ee 
ei zone a ills 4 ah 
Peo Litt Poor CoH 
Pe eee 


are Ee Y1 
ESL 


ALTE A|ED A 
YiIjLY yi ly4 Yi 


A 
OU ae; 
MSD LSD ee! Veen! en ees Nemanja Neon, pee 
MSD LSD 
FIGURE 20. 17-bit Binary to BCD Converter Circuit FIGURE 22. 19-bit Binary to BCD Converter Circuit 
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EACH RECTANGLE REPRESENTS AN 
SN54185A OR AN SN74185A 


i al 


ee mn 
rallies 


Nr re re er Nt er pe 
MSD LSD 


FIGURE 23. 20-bit Binary to BCD Converter Circuit 
Using SN54185A/SN74185A 
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Xil FAST MULTIPLIERS 


by Gene Cavanaugh 


One of the most common and at the same time slowest 
operations in a computing machine is multiplication. Even 
in those cases where multiplications are made to cover 
many machine cycles, the number of multiplications 
required often imposes drastic limitations on machine 
throughput. 

This chapter describes a means of performing high 
speed multiplication using TTL Read-Only Memory and 
MSI products to allow a high performance and economical 
solution to binary multiplication. 

However, before exploring the multiplication method 
with TTL ROMs, it is important to understand the 
fundamental algorithm of binary multiplication and discus- 
sion begins with a review of those fundamentals. 


BASICS OF BINARY MULTIPLICATION 


Binary multiplication can be expressed as a two step 
operation: ANDing the multiplicand with the multiplier 
one bit at a time, and adding. Furthermore, since adding is 
commutative (not dependent on the order in which made) 
the ANDed subproducts can be combined in any order that 
observes the binary weight of each bit. 

Another fact, not so obvious, is that groups of 
multiplier and multiplicand bits can also be ANDed, 
summed, and combined. As Figure 1 shows, the effect is 
the same whether the bits are ANDed and summed in 
complete groups, or whether they are ANDed, summed in 


1171 
111 
111 
11141 
1111 
11141 
BINARY 15 X 15 11100001 255 
(a) 
INPUTS OUTPUTS 
A B 
O 0 0 
0 1 0 
1 0 0 
1 1 1 


(b) 


10 
10 
1001 


subgroups, and then the subgroups added. The only 
difference is in the way the subproducts are added, due to 
the difference in the weight accorded the binary bits in 
each method. ‘ Weight ’ means the exponent or power of 
each bit; for example, if the MSB in a 4 bit multiplicand 
(23) is ANDed with the 2nd bit (21) in a multiplier, the 
result is a (23 X 21 = 23+1 = 24) 24 bit (or 4th power 
bit). 

For example, consider the binary multiplication of 
15 x 15 as illustrated in Figure 1. First it is noticable 
that the process is identical with decimal multiplication; 
that is, one integer is multiplied by another to obtain a 
“subproduct,” and the result is added to other ‘ sub- 
products’ to obtain the product. As discussed before, 
integer multiplication of binary numbers results in the 
ANDing process; that is, 0 X 0 is 0,0 X 1 or 1 X Ois 0, and 
1X1 is 1, which is the truth table for an AND function. 
Multiplication is often accomplished by developing an array 
of AND functions and adding them with the proper binary 
‘weight ’ (more significant bits to the left of less significant 
bits). However, as decimal multiplication shows, the multi- 
plication process can be accomplished just as well by 
summing subproducts. We can multiply binary integers and 
get a single bit subproduct, or we can multiply larger values 
(for example, 9 times 9) to obtain more complex subprod- 
ucts. Of course, in binary multiplication, the basis of the 
entire operation is still binary integer ANDing followed by 
weighted additions. 


1 15 MULTIPLICAND 
1 15 MULTIPLICAND 
1 


MULTIPLIER LSB ANDED WITH MULTIPLICAND 
MULTIPLIER 2ND SB ANDED WITH MULTIPLICAND 
MULTIPLIER 3RD SB ANDED WITH MULTIPLICAND 
MULTIPLIER MSB ANDED WITH MULTIPLICAND 


Tc | 71 
ba—>| 1 1,1 1;¢@— 51 


> 1 tlqe 
ag 14441 1! aq 


SUBPRODUCT aj b2 
SUBPRODUCT a2 b4 
SUBPRODUCT a9 b2 


7 0 0 1 SUBPRODUCT a3 by 
01 
01 


1110000 1 PRODUCT 


(c) 


FIGURE 1. Binary Multiplication: (a) An Example Showing Binary 15 Multiplied by Binary 15; 
(b) Truth Table for AND Gate; (c) Binary 15 Multiplied by Binary 15 Two Bits at a Time 
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MULTIPLICATION USING ROMS 


TTL Read Only Memories can be used effectively to 
perform high speed multiplications. For example, by 
programming two 1024 bit ROMs such as the SN74187, a 
binary 4 bit X 4 bit multiplier can be fabricated as shown in 
Figure 2. Figure 3 shows propagation delays versus mul- 


tiplier size, 


BINARY INPUTS 
WORD 2 WORD 1 


222120 23 22 2120 


202C 282A 1D1C 1B 1A 


A 
SN54284/SN74284 


v7 YS Y4 v2 Yi _ YO 


Y6 


BINARY OUTPUTS 


FIGURE 2. 4 Bit X 4 Bit Multiplier Using 
SN74284 or SN74285 


DATA INPUTS 


TYPICAL 


MULTIPLIER SIZE PACKAGES* REQUIRED PROPAGATION DELAY 


26 PIN 16 PIN (NANOSECONDS) 
4x4 2 40* 
8x8 3 13 70 
16 X 16 5 74 103 
24 X 24 6 143 119 
36 X 36 10 270 119 


PACKAGES USED: $SN74284, SN74285, SN74283, SN74S181, SN74S04 (1 ONLY ON 
16 X 16 AND LARGER), SN74S182 


*OPEN COLLECTOR OUTPUT, A PULL-UP RESISTOR IS NEEDED TO ACHIEVE THIS. 
SEE DATA SHEETS ON SN74284 AND SN74285 .. ALL DELAYS SHOWN 
ARE COMPONENT DELAYS ONLY, AND NEGLECT SYSTEM DELAYS. 


FIGURE 3. Propagation Delays Versus Package Counts 


Consider multiplications using ROMs, in which 
4 bit X 4 bit products will be considered as subproducts for 
larger numbers. After the subproducts are developed, 
attaining high speed multiplication requires that a fast 
addition scheme be used to sum these subproducts. The 
carry save tree can be used here and is best accomplished 
with the Wallace! adder scheme. When using ROMs, almost 
any TTL adder can be used to combine subproducts, such 
as the SN74283 four bit full adder, which will give 
minimum package counts, or carry save trees in which the 
SN74H183 carry save adder is employed to give the best 
propagation delays. 

The basic concept of the Wallace adder scheme is to 
consider carry outputs as sum bits of a higher order; that is, 
a carry in the 2N column of binary bits is treated as a 2N+1 
binary sum bit. This results in the generation of two groups 
of outputs; a carry group and a sum group. Figure 4 shows 
a section of a Wallace adder or ‘ tree.’ The SN74H183 is 


CARRIES TO 
SUBSEQUENT 
TREE 


Co 


CARRIES 
FROM 
PRECEDING 
TREE 


B oC 
SN74H183 


(TYP.) 


TO HIGH SPEED CARRY 
LOOK AHEAD ADDER 


FIGURE 4. A Section of a Wallace Adder or ‘ Tree’ 


114 


ideal for this application since the carry and sum propa- 
gation delays are identical. Because the carry and sum 
groups must be combined, Figure 5 shows a high speed 
adder using the SN74S181 ALU and 748182 look-ahead 
carry generator that will accumulate the groups. 


SN54181 or SN74181 


Go POCh+, G1 P1Chiy G2P2Cn+zg G3 P3 
fn SN54182 or SN74182 GP 


16-BIT ALU, TWO-LEVEL LOOK-AHEAD 


FIGURE 5. A High Speed Adder Using the SN74S181 


Figure 6 shows a 16 bit X 16 bit multiplier with a 
SN74H183 Wallace tree network, SN74S181, SN74S182 
carry lookahead adder, SN74284 and SN74285 multiplier 
chips, and featuring a 32 bit product in (typically) 
103 nanoseconds. 


2’S COMPLEMENT 
POSITIVE NUMBERS NEGATIVE NUMBERS 
SIGN DATA SIGN DATA 
000 000 000 000 
000 001 111 111 
000 010 111 110 
000 011 111 101 
000 100 111 100 
000 101 111 011 
000 110 111 010 
000 111 111 001 


TWO’S COMPLEMENT MULTIPLICATION 


Multiplications involving two positive numbers are 
always the simplest possible multiplications to make and 
involve the minimum number of components. As a result, 
multiplication in the other quadrants (plus minus, minus 
plus, and minus minus) can be best evaluated in terms of 
the complexity compared to absolute value multiplication. 
Consequently, the first step in developing a 2’s complement 
multiplier is ‘to compare positive numbers with negative 
numbers in order to determine what differences there are. 

For example when the positive numbers nought to 
seven (inclusive) are compared with the negative 
numbers nought to seven, as illustrated in Figure 7, a 
6 bit number is used, even though 3 bits are sufficient to 
show the data. This is because when multiplying two 
three-bit numbers, a 6 bit product is obtained, and all 6 bits 
of the product can be influenced by the multiplicand or the 
multiplier as illustrated in Figure 8. Note that for both 
numbers positive (+7 X +7), the Xs shown are all zeroes, 
and can be disregarded. For positive multiplier and negative 
multiplicand, the A group of Xs is all ones (for this specific 
example), but the Bgroup is all zeroes and can be 
disregarded. For positive multiplicand and negative multi- 
plier, the B group is all ones and the A group is all zeroes. 
For both negative numbers, groups A and B are all ones. 
The Xs not in the A or the B groups can be ignored in all 
cases as they develop the product sign and the product sign 
bit can be developed more efficiently by an alternate 
means. 


1°S COMPLEMENT 
NEGATIVE NUMBERS 


SIGN DATA NUMBER 
111 111 0 
111 110 1 
111 101 2 
111 100 3 
111 011 4 
111 010 5 
111 001 6 
111 000 7 


FIGURE 7. Positive and Negative Numbers, Zero To Seven 


DATA 
1 1 —1 OR +7 MULTIPLICAND 
1 1 —1 OR+7 MULTIPLIER 
1 1 MULTIPLIER DATA LSB ANDED WITH MULTIPLICAND 
1 


SIGN 
ONES FOR NEGATIVE NUMBERS, 
ZEROES FOR POSITIVE NUMBERS 


MULTIPLIER DATA MSB ANDED WITH MULTIPLICAND 
MULTIPLIER SIGN LSB ANDED WITH MULTIPLICAND 


xX X X 0 O 1 PRODUCT 


\ 


- TRUNCATE AT 6 BITS | 
FIGURE 8. Multiplying Two 3-Bit Numbers in 2’s Complement Arithmetic 
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INPUT WORD B (16 BITS) 


215 214 913 212 211 210 29 28 27 26 25 24 23 22 21 20 


215 214 213 212 211 210 29 28 27 26 25 24 


215 215. 
ee 4X 4 MULTIPLIER 4X 4MULTIPLIER 4X 4MULTIPLIER 214 4X 4 MULTIPLIER 
2 A B ¢ 13 2 
23 (SN74284 and SN74285) : 
212 212 
231 290 229 228 227 226 225224 227 226 225 224 223 222 221 220 223 222 221 220219 218 217 216 219 918 917 216 215214 213 212 
SUB-MULTIPLE’ OUTPUTS SUB-MULTIPLE OUTPUTS SUB-MULTIPLY OUTPUTS SUB-MULTIPLE OUTPUTS 
215 214 213 212 211 210 29 28 
git 21 
210 4X 4 MULTIPLIER 4X 4MULTIPLIER 4X 4MULTIPLIER 210 4X 4 MULTIPLIER 
Pp E F G 29 H 
28 28 
inet 25 224 923 222 221 2 223 222 221 220 219 218 217 216 219 218 217 216 215214 213212 214 213 212 211 210 29 28 
ee SUB-MULTIP: OUTPYTS B-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS 
(16 -BITS) 
215 214 213 212 211 210 29 28 
2? 27 
26 4X 4 MULTIPLIER 4X 4 MULTIPLIER 4X 4 MULTIPLIER rad 4X 4 MULTIPLIER 
25 ! r) K 25 L 
2 rad 
223 222 221 220 219 218 217 216 219 218 217 216 215 214 213 212 215 214 213 212 211 210 29 28 (211.210 29 28 27 26 25 24, 
ULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS 
/ 
215 214 913212 211 210 29 28 27 26 25 24 23 22 2120 
23 
22 4X 4 MULTIPLIER 4X 4 MULTIPLIER 4X 4 MULTIPLIER 4X 4 MULTIPLIER 
21 M N fe) P 
20 
219 218 217 216 215 214 213 212 215 214 213 212 211 210 29 28 211 210 29 28 27 26 25 24 27 26 25 24 23 22 21 20, 
SUB-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS SUB-MULTIPLE OUTPUTS 
FROM SUB-MULTIPLE OUTPUTS 
231 230 229 228) «227, 226 225224223 222 221 220 219 218 217 216 215 214 213 212 2" 210 ri] 2 27) 2B 23 22 21 20 


$N74H183 ADDERS 


eal 
|| 


$N74S181 ema wren Gl SN74S181 Cn+q-SN74S181 Jewe swresien ce wrasse SN74S181 ute en memo en memo cs sures of SN74283 


NC 231 230 229 228 227) «226 «225 «224 = 223, 222 221 220 219 218 27 216 215 214 213 212, 211210 2 8 27) © 2 24 2322 21 20 


32-BiT PRODUCT 


FIGURE 6. A 16 X 16 Multiplier with a SN74H183 Wallace Tree Network 
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On inspecting the A and B groups it is found that in all 
cases, they are formed by multiplying the data bits of either 
the multiplier or the multiplicand with the sign bits of the 
other. But the sign bits are always all zeroes or all ones. If 
all zeros, the group can be ignored, but if all ones, the 
result is exactly the same as if the data bits had been 
multipliedby minus one. Note further that multiplying a 
number by minus one has the effect of inverting the 
number bit by bit and adding one, that is, of obtaining the 
two’s complement of the number as shown in Figure 9. 


000111 +7 
1111171 —1 
000111 
000111 
000111 
000111 
000111 
000111 
00100111001 


PRODUCT = —7 (2's COMPLEMENT) 
FIGURE 9. Multiplying By Minus One 


Note that the way the A and B groups are positioned in 
Figure 8 makes only the least significant three bits of the 
above operation significant. These least significant three 
bits are easily generated, however, by merely inverting all 
data bits in the operation and adding one. A simple way to 
do this is shown in Figure 10. Note that for positive 
numbers this results in an output of 111 plus 001, but 111 
plus 001 is equal to 000, in the least significant three bits, 
so no error occurs. This method can be expanded by 
analogy to an N bit by N bit multiplier, in which case N bit 
correctors are required. This method is based on a 
suggestion by Phister.2 


DATA BITS OF 
MULTIPLICAND (MULTIPLIER) 


—_—_———_— 


SIGN BIT OF 
MULTIPLIER 
(MULTIPLICAND) 


LOGIC ONE 
(CARRY OUT 
FROM PREVIOUS 


\ / STAGE) 


TO WALLACE TREE OR SIMILAR 
SUMMING NETWORK 


FIGURE 10. Two’s Complement Corrector for 3-Bit 


Note that this method obscures the sign information, 
but since the sign can be readily determined by simply 
passing the multiplier and multiplicand sign bits through an 
exclusive OR (OplusO=0, 1 plusO=1, Oplus1=1, 
1 plus 1=0), this is of very little consequence. This is 


shown in Figure 11. 


SIGNED DATA 


ee 
117494 —1 
1111117 
111111 
111111 
1114114 
111111 
1711114 
UAT 33 oe 
111110000001 41 
SIGN BITS DATA 
1 114-1 
| — 1 174-4 
111 
111 
111 
—~——_—___ CORRECTION 
oto. FACTOR 
(DEVELOPED 
0 1000000 AS DISCUSSED 
va viscarD BRONE) 
SIGN (POSITIVE) 


FIGURE 11, Developing the Sign Bit 


In order to prevent a buildup of correction bits, the 
resulting corrections may be combined as shown in 
Figure 12. Note that the additional circuitry does not 
necessarily add any delay to the overall multiplier, as it is in 
parallel with the SN74284 and SN74285 chips. It may 
make additional levels necessary in the Wallace tree 
networks that follow, but normally there will be a design 
technique that will avoid this problem. It is believed that 
the method described represents a minimum component 
method of performing two’s complement binary arithmetic. 


MULTIPLICAND 


~~" MULTIPLIER 


TO WALLACE TREES 


FIGURE 12. 2’s Complement Correction Circuit 


117 


TRUNCATED MULTIPLICATIONS 


Often a truncated multiplier is adequate; in such a 
case considerably more savings can be had. For example, if 
an 8 bit product of two 8 bit numbers is required, we find 
(see Figure 13) that only one SN74284 and 3 SN74285s are 
needed, and the associated adder count is also roughly 
halved. Truncating the product to the same size number as 
the inputs can result in about a 2 to 1 savings in packages. 

Truncating a product does lead to a truncation error. 
This arises because in the truncation we effectively cut the 
carry leads from the portion of the adder tree discarded by 
the truncation. Referring to Figure 14, a 8 bit X 8 
bit multiplier, or Figure 6, a 16 X 16 multiplier, we can 
deduce that reducing the products to the 8 (or 16) most 
significant bits (one half size) causes 2 carry lines on the 
8 bit X 8 bit and 6 carry lines on the 16 bit X 16 bit to be 
left unterminated. Since any or all of these carry lines could 
have carries on them, depending on the numbers being 
multiplied, the absolute value of the truncation error is 
obviously equal to the number of carry lines left dis- 
connected. This turns out to be (n/2 — 2) lines, where n is 
the size of the multiplier or multiplicand for a ‘ square’ 
multiplication. Note that we can cut the maximum value of 
this error in half by forcing logical zeroes on one half of 
these carry lines and logical ones on the other half. This 


MD* mrt 


27 26 25 24 27 26 2 24 


4X 4MULTIPLIER 


SN74284 AND SN74285 


215 914 913 212 8211910 29 28 


amounts to forcing (n/4 — 1) carries onto the multiplier as 
indicated in Figure 15. Of course, this error can always be 
reduced by moving the truncation back in the LSB 
direction and discarding the least significant bits of the 
result; as Figure 15 indicates, even on a 32 bit X 32 bit 
multiplier, an extra three bits of Wallace Tree (and the 
associated multipliers) will reduce the Wallace Tree error to 
zero, and the total truncation error becomes an 


MULTIPLIER SIZE 
(MULTIPLIER AND 
MULTIPLICAND 


ERROR 
(WITH NO 


ERROR WITH 
N/4 - 1 ADDED 


EQUAL) CORRECTION) TO PRODUCT 
4x4 0 0 
8x8 2 +1 
12 X 12 4 +2 
16 X 16 6 +3 
20 X 20 8 +4 
24 X 24 10 +5 
28 X 28 12 +6 
32 X 32 14 +7 


FIGURE 15. Truncation Errors 
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NC SN74283 


215 214 213 212 21 210 


*MD = MULTIPLICAND: 
tMR = MULTIPLIER 


FIGURE 13. A Truncated 8 X 8 Multiplier 
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(irreducible) + 1 bit. The number of bits to be added to 
reduce the Wallace Tree error to zero is simply the number 
of binary bits required to represent the value of the error; 
therefore, a 20 X 20 up to a 32 X 32 (5 to7 bits of error) 
are contained in the binary numbers 100 to 111 and require 
three additional Wallace Tree bits, the error in a 12 X 12 
and a 16 X 16 are contained in binary numbers 10 and 11, 
so require two,etc. As indicated before truncation will 
always result in a round-off error of +1 bit which is 
exclusive of the Wallace Tree carry error. 
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SECTION 2. 
OPERATIONAL AMPLIFIERS 


Xill INTRODUCTION TO OPERATIONAL AIVIPLIFIERS 


by Richard Mann 


Early generations of integrated circuit operational ampli- 
fiers were quite expensive and frequently required a fair 
amount of expertise on the part of the user. The introduc- 
tion of plastic encapsulated devices with greatly improved 
input and output parameters and the need for little or no 
external frequency compensation, coupled with drastic 
price reductions has opened the way for the use of 
operational amplifiers in a limitless variety of applications. 

If we consider an internally compensated operational 
amplifier, such as the SN72741, it can be compared to the 
simple, single transistor amplifier shown in Figure 1. 

Both of the amplifiers require only five connections 
for inputs, output and power supplies, but, as the figure 
shows, the operational amplifier (op amp) has marked 


Vcc 


TRANSISTOR AMPLIFIER 


advantages in every point listed. Even in price, the op amp 
may have the advantage if one considers the cost of wiring 
extra components, reliability and savings in printed board 
area, and cabinet size. This is, of course, a generalization. 
There are obviously many instances where it is essential to 
use discrete devices, in very fast switching circuits, for 
example, but the versatility and overall circuit simplicity 
that can be achieved when the op amp is treated as just a 
very sophisticated transistor will be shown. 

Tables 1 and 2 list Series 52 and Series 72 devices 
separately. The former devices are characterized for opera- 
tion over the full military temperature range of —55°C to 
125°C and the latter for operation from 0°C to 70°C. 
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OPERATIONAL AMPLIFIER 


PARAMETERS 
dc Gain About 100 dc Gain 200,000 
Voltage offset, input to output No voltage offset, input to output. 
Vcc ripple rejection None Vcc ripple rejection 30,000 
Output Active sink only Output Active sink and source 


Quiescent Icc » load current 
Ry about 20 k&Q2 

Rout about 10 ks. 

Low impedance at + terminal 


Common mode rejection Very little 


Quiescent Icc < load current 
Rin about 2 MQ 

Rout about 100 2 

Both inputs identical 
Common mode rejection 


90 dB 


FIGURE 1. Single Amplifier 
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Table 1. Military Grade Operational Amplifiers 


Input Offset Voltage Max 
Input Offset Current Max 
Input Bias Current Max 
Minimum Voltage Gain 
Slew Rate at Unity Gain 
Unit Gain Bandwidth 
Max Supply Voltage 

Min Supply Voltage 
Input Voltage Range 
Differential 1/P Voltage Max 
1/P Offset Voltage 
Temperature Coefficient 
1/P Offset Current 
Temperature Coefficient 
Internal Compensation 
Offset Adjustment 

Input Protection 

Output Protection 


Type Vio Avo SR aVio alio Features 
(mV) (V/mV) | (V/us) (v) | (uv/°C) | (pase) 


' SN52702 


NO 
Ww 
oO 


Note 1 


SN52709 
SN52741 
SN52747 
SN52558 
SN52748 
SN52101A 
SN52107 
SN52770 
SN52771 
SN52108 


Note 2 
Note 3 
Note 4 
Note 5 
Note 6 
Note 7 
Note 8 
Note 9 
Note 10 
Note 11 
Note 11 


ON FP HFWO HTH GH ow 
= oC SO FO Sl eC] 


oa 


SN52108A 


Features 


SN72702 30 Note 1 
SN72709 5.0 Note 2 
SN72741 1 Note 3 
SN72747 1 Note 4 
SN72558 1 Note 5 
SN72748 1 Note 6 
SN72301A 1 Note 7 
SN72307 1 Note 8 
SN72770 1.3 Note 9 
SN72771 1.3 Note 10 
SN72308 _ Note 11 
SN72308A ? — + +1 Note 11 
NOTES 

1. Wide bandwidth, general purpose 7. Precision operational amplifier 

2. General purpose 8. Internal compensation precision operational amplifier 

3. Internal compensation, general purpose 9. Super beta 

4. Dual 741 10. Internal compensation super beta 

5. Dual 741 in 8-pin package 11. Very low input in current operational amplifiers 

6. Extended bandwidth, general purpose 
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TYPICAL OPERATIONAL AMPLIFIER CIRCUIT 


Although it is not the most sophisticated of present 
day amplifiers, the SN72741 does embody many of the 
design features which are responsible for the superior 
performance of modern devices. It is also easy to 
understand. 

The biasing conditions of the SN72741 rely heavily 
on the application of ‘current mirror’ techniques. This 
technique assumes that identical monolithic transistors will 
have identical collector current versus emitter-base voltage 
relationships. A circuit for a SN72741 type of amplifier is 
shown in Figure 2. 

In Figure 2, transistors Q11 and Q12 are shorted 
between collector and base so that their collector current is 
almost solely dependent on the supply voltage and the 
resistance of R5. The emitter-base voltage of Q13 is the 
same as that of Q12, therefore the collector currents of 
these two transistors will be equal. Transistor Q13 now 
provides a very high impedance load for the driver 
transistor Q16 giving high gain in this stage. It also provides 
a standing current in the driver which is high when the 
supply voltages, and hence the probable required output 
swing, are high and which is low, giving economical power 
consumption, when the supplies are low. 


In order to keep the input characteristics of the 
amplifier constant, it is necessary to keep a relatively 
constant current in the first stage. This is realized by 
placing resistor R4 in the emitter of QIO and by a 
common-mode feedback loop around the input stage. Due 
to the logarithmic relationship between a transistor’s 
collector current and its emitter-base voltage, the VBR of 
Q11 will remain fairly constant over a wide range of 
collector current. This constant voltage is applied to the 
base of the current generator, Q1O, and its collector current 
110, will vary by only 20% for a 100% variation in the 
collector current of Q1I1, 111. Now the input stage current, 
1] +12 is derived from the collector of Q8 which has a 
‘ mirror” transistor, Q9, so that I9 = 14 + Ig. Since the base 
currents of Q3 and Q4 are negligible compared with lg, I9 
will be approximately equal to the stabilized current 110 
and the input stage current is held reasonably constant for — 
large variations in supply voltage. Transistors Q3 and Q4 are 
lateral PNP devices but are used in common base configura- 
tion so that their limited frequency response does not 
significantly affect the overall response of the amplifier. 
They serve merely as level shifters so that the input 
terminals are isolated from the Vcc — rail by the collector- 
base diodes of Q3 and Q4 and from the Vcc + rail by the 
collector-base diodes of Q1 and Q2. This means that the 


Vcc+ 


FIGURE 2. SN72741 Circuit Schematic 
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common mode input voltage can swing over a wide range 
from (~Vcc+ 2V) to (Vcc— 1 V) approximately. 
Furthermore, the high breakdown voltage of the lateral 
PNP transistors gives the amplifier a high maximum 
differential input voltage capability. 

Transistors Q5 and Q6 form another current mirror. 
The emitter follower, Q7, ensures that Q5 does not become 
saturated, but provides a low impedance source of base 
current so that the collector current of Q5 (15) is 
approximately equal to that of Q1 and is in turn reflected 
by the collector current of Q6. Thus, if a differential input 
is applied to the amplifier which causes an increase in I2 
and a decrease in Ij, then there will be a corresponding 
decrease in Ig so that the full differential current swing 
flows into the base of transistor Q16. 

Transistors Q16 and Q!7 form a Darlington pair 
giving high current gain and this, in conjunction with the 
high impedance load provided by Q13, gives a voltage gain 
of approximately 60 dB in this stage. A further 45 dB is 
provided by the input stage so that the nominal overall gain 
of the SN72741 is 105 dB. 

A constant bias voltage is generated across transistor 
Q18, which maintains a quiescent current of about 100 uA 
flowing through the output transistors Q14 and Q20, 
thereby minimizing crossover distortion. 

The SN72741 has built-in short-circuit protection on 
the output circuit. This is achieved by monitoring the 
Output current which flows either through R9 or R10. If 
the current through R9 exceeds 24 mA then transistor Q15 
turns on and diverts base current out of Q14, thereby 
limiting the output current. Similar action occurs for 
negative output currents via diodes D1 and D2 and 
transistor Q19. 

The circuit shown in Figure 2 has now been super- 
seded by an improved version with a number of modifica- 
tions giving improved overall performance. 

In order to provide frequency compensation in the 
SN72741, a 30pF MOS capacitor is fabricated on the 
amplifier chip. This capacitance is multiplied by the high 
voltage gain of the second stage and in combination with 
the high resistance at the collector of Q13 gives a dominant 
pole in the open loop gain function at approximately 6 Hz. 
This is sufficient to ensure that the amplifier is stable when 
100% feedback is applied around the amplifier, as is the 
case with a voltage follower and similar simple applications. 

As well as internally compensated devices, such as the 
SN72741, SN72307, and SN72771, there is an equivalent 
range of uncompensated devices— the SN72748, 
SN72301A, and SN72770 respectively. These are used in 
applications where full feedback is not required, but higher 
gain-bandwidth or slew rate is required. They are identical 
to the corresponding compensated device except for their 
‘offset null’? connections. In the SN72741 circuit in 
Figure 2, the offset null is obtained by bridging resistors R1 
and R2 with an external potentiometer as shown in 
Figure 3. This causes a slight imbalance in the circuit which 
can be adjusted to compensate for the small (typically 
I mV) input offset voltage which occurs almost inevitably 
even in an integrated circuit amplifier. 
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10 k82 
OFFSET ADJUST 


FIGURE 3. SN72741 with External Potentiometer 


With the SN72748, an extra package pin is required 
for the external compensation capacitor. This would make 
the device unsuitable for inclusion in a standard, low cost, 
8 pin package, so one of the compensation pins doubles up 
as an offset null pin. The correction, therefore, has to be 
applied at the collectors of Q5 and Q6 as shown in 
Figure 4, instead of at the emitters. 


5 M2 


OFFSET 
ADJUST 


FIGURE 4. SN72748 with External 
Compensation Capacitor 


From this description of the SN72741 circuitry, it 
can be seen that this amplifier has a number of advantages 
when compared with earlier devices such as the SN72709. 
These can be summarized as follows: 


1) Wider ranges on common mode input voltage, 
differential input voltage and power supply 
voltages | 

2) Lower input bias current 

3) Lower power consumption 

4) Freedom from latch up 

5) Short circuit protection 

6) Internal offset correction 

7) — Reduced crossover distortion 

8) Full internal frequency compensation or ex- 
ternal compensation with a single capacitor. 


DESIGNING WITH OP AMPS 


The applications described in the next chapter illus- 
trate the simplicity of designing with the op amp. Neverthe- 
less there are some limits and restrictions which must be 
adhered to and which are discussed below. 

The simplest op amp circuit conceivable is the buffer 
shown in Figure 5. If we assume that the amplifier is 
perfect, that is its gain and bandwidth are both infinity and 
the input current and offset are both zero, then there will 
be zero potential difference between the two input termi- 
nals. Therefore the output voltage, Voyt, must be exactly 
equal to the input voltage Vin. Hence the closed loop gain 
of the circuit is unity and the power gain is infinite. 


Vout 


FIGURE 5. Operational Amplifier Buffer Circuit 


The corresponding inverting circuit is shown in 
Figure 6 and a perfect amplifier is again assumed. There- 
fore, since the noninverting terminal is grounded, the 
potential on the inverting terminal must also be zero. 
Consequently, the input current Ijn equals Vjn/R1. All this 
current must flow through the feedback resistor R2, 
therefore Vout =(—Vin) R2/R1. As with the buffer 
circuit, the output impedance will be zero, but the input 
impedance, which is infinite in the case of the buffer is now 
equal to R1 due to the virtual ground at the inverting 
terminal of the op amp. 


FIGURE 6. Operational Amplifier Inverting Circuit 


A more realistic operational amplifier is illustrated in 
Figure 7. 

Most amplifiers have an input stage consisting of a 
pair of bipolar transistors in some form of long tailed pair. 
These will, of course, require a finite base current, Ip, to 
keep them biased on and although the input transistors are 
very well matched, it is not possible to match them 
perfectly. Therefore, there will be a small input voltage 


lb —> 


FIGURE 7. Realistic Operational Amplifier Design 


offset and input current offset, V[Q and Ifo. Similarly, the 
differential input impedance between the input bases will 
be less than infinity and the output impedance of the 
amplifier will be greater than zero. Other practical features 
to be considered are input voltage range, output swing, slew 
rate, CMRR, etc. For those not familiar with these terms, 
their definitions are listed in Table 3. 

For dc amplifiers, the most important parameters are 
usually the input offset voltage and current. To reduce the 
effect of the input bias current Ip, a resistor R3 (see 
Figure 8) is included so that both amplifier terminals see 
exactly the same resistance to ground. 


FIGURE 8. Reduction of Input Bias Current 


As the bias current to each terminal is sourced by the 
same impedance, there will be no voltage offset produced at 
the inputs due to this current. There will, however, be an 
output offset due to VIQ and IjQ. Assuming the loop gain 
of the amplifier is high, the offset is approximately equal to 
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Table 3. Definition of Terms 


input Offset Voltage (VjgQ) The dc voltage which must be applied between the input terminals to force the quiescent dc output 
voltage to zero. The input offset voltage may also be defined for the case where two equal resistances (Rg) are inserted in series 
with the input leads. 


input Offset Current (l;Q) The difference between the currents into the two input terminals with the output at zero volts. 


Input Bias Current (1;g3) The average of the currents into the two input terminals with the Output at zero volts. 


Input Voltage Range (V\) The range of voltage which, if exceeded at either input terminal, will cause the amplifier to cease 
functioning properly. 


Maximum Peak-to-Peak Output Voltage Swing (Vopp) The maximum peak-to-peak output voltage which can be obtained 
without waveform clipping when the quiescent dc output voltage is zero. 


Large-Signal Differential Voltage Amplification (Ayp) The ratio of the peak-to-peak output voltage swing to the change in 
differential input voltage required to drive the output. 


Input Resistance (rj) The resistance between the input terminals with either input grounded. 
Output Resistance (r,) The resistance between the output terminal and ground. 
Input Capacitance (Cj) The capacitance between the input terminals with either input grounded. 


Common-Mode Rejection Ratio (CMRR) The ratio of differential voltage amplification to common-mode amplification. This is 
measured by determining the ratio of a change in input common-mode voltage to the resulting change in output offset voltage 
referred to the input. 


Power Supply Sensitivity (AVi9/AVcc) The ratio of the change in input offset voltage to the change in supply voltages 
producing it. For these devices, both supply voltages are varied symmetrically. 


Short-Circuit Output Current (log) The maximum output current available from the amplifier with the output shorted to ground 
or to either supply. 

Total Power Dissipation (Pp) The total dc power supplied to the device less any power delivered from the device to a load. At no 
load: Pp = Voc+ Iec+ + Vec— 'cec_- 

Rise Time (t;) The time required for an output voltage step to change from 10% to 90% of its final value. 

Overshoot The quotient of: (1) the largest deviation of the output signal value from its steady-state value after a step-function 


change of the input signal, and (2) the difference between the output signal values in the steady state before and after the 
step-function change of the input signal. 


Slew Rate (SR) The average time rate of change of the closed-loop amplifier output voltage for a step-signa! input. Slew rate is 
measured between specified output levels (0 and 10 volts for this device) with feedback adjusted for unity gain. 


figures are only a rough guide, of course, and 
are frequently exceeded by a factor of ten or 


The design procedure for the majority of amplifiers 
can usually be broken down into the following sequence: 
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1. Check that aVjo is much less than Vg (the more. Having selected the input resistor R1, the 
input signal) over the anticipated temperature feedback resistor R2 can be calculated from the 
range. If it is not, then choose a more tightly closed loop gain, ACL, where ACL = R2/R1 
specified op amp. (for the inverting amplifier). 

2. Check that Ip (R1 + Rg) is much less than Vs Now check that a IjQ X R2 does not give 


(where Rg is the source resistance). For an 
inverting amplifier, Rg is usually much less than 
RI (which determines the input impedance of 


unacceptable drift over the anticipated temper- 
ature range. If it does, reduce R1. 


the amplifier). If this is not the case, then the R1 R2 
inverting amplifier should usually be preceded Calculate R3 from R3 =————— 
by a noninverting buffer having a high input RI +R2 


impedance. Alternatively, a super beta ampli- 
fier, such as the SN72770 or SN72308, could 
be used. Super beta amplifiers have very low 
input bias currents which allow much higher 
input resistances to be used. As a guide, the 
maximum value of R1 would be 10 kQ for the 
SN52/72709 and SN52/72741, 100 kQ for the 
SN52101A and SN72301A and 1MQ for the 
SN52/72770, SN52108, and SN72308. These 


Check the frequency compensation 

The subject of frequency compensation is 
covered in more detail in a separate paragraph. 
However, for the majority of applications 
where the amplifier input frequency is in the 
range dc to approximately 20 kHz, the inter- 
nally compensated amplifier, such as the 


SN72741, SN72307 and SN72771, can be used 
and no brain-racking is required. One point to 
watch is that these amplifiers are often referred 
to as “‘unconditionally stable”. This means that 
100% feedback can be applied turning the 
system into a unity gain amplifier. However, if 
the feedback components are active or reactive, 
they may add extra loop gain or loop phase 
shift and it is possible that the system will be a 
little unstable. If this is the case, the circuit 

designer must go back to first principles. 

5. Check slew rate 
For a sinusoidal output voltage Vmax sin wt, 
the maximum rate of change of voltage is 
wVmax- If this figure exceeds the slew rate 
quoted for the amplifier, then the waveform 
will be distorted. For most op amps, the slew 
rate is inversely proportional to the value of the 
frequency compensating capacitor. Thus ampli- 
fiers usually have the lowest slew rate when 
they are compensated for unity gain. Typically 
the SN72741 and SN72307 have slew rates of 
0.5 V per ws and the SN72771 has a slew rate 
of 2.5 V per us. If the slew rates are not high 
enough, then amplifiers such as the SN72748, 
SN72301 A, or SN72770 which do not have 
internal compensation should be used. It is then 
possible to choose the minimum value of 
frequency compensation capacitor required for 
a particular gain configuration. If still more 
slew rate is required and all else fails, input 
frequency compensation can be used or tech- 
niques which bypass some of the input stages of 
the op amp and effectively shift one of the 
poles in the transfer function of the amplifier. 
The noninverting amplifier, Figure9, has a very 
similar design procedure but the input impedance is now 
very high, approximately 


Avp 


AcL 


where r; is the input resistance of the op amp 


Tj 1+ 


Vin @ Vout = Vin 
R1 R2 R1+R2 
R1+R2 R1 


FIGURE 9. Noninverting Amplifier 


For minimum drift, of course, the positive input terminal 
must still see a dc resistance to ground equal to (R1, 
R2)/(R1 + R2). A point to remember about the noninvert- 
ing amplifier is that although its output drift is exactly the 
same as for the inverting amplifier, i.e. 


R2+RI1 
Rl] 


the closed loop gain fo the amplifier for an input signal is 
now (R1 +R2)/(R1) compared with R2/R1. Therefore, for 
very low gain configurations, the signal-to-noise ratio is 
better for the noninverting than for the inverting amplifier. 


True Ac_ for Different Config ura'tions 


The expressions for closed loop gain, ACL, given 
above assume a loop gain of infinity. For most applications, 
this is nearly true. However, where very high values of ACL 
(in excess of 70 dB) are required, the loop gain will be 
correspondingly reduced since loop gain, ALG,is equal to 
Avp/ACL. It may then be necessary to use the full 
expressions which are shown in Figure 10. Using these 
expressions and the Ayp spread, the ACL spread can be 
calculated. Since a decrease in negative loop gain has an 
adverse effect on gain stability, distortion, and other 
parameters, it should be noted that the loop gain may be 
very much less for fairly high signal frequencies than it is at 
dc due to the 6 dB per octave roll-off introduced into the 
open loop frequency response. For this reason, systems 
such as high gain audio amplifiers should have their 
frequency compensation components chosen specifically 
for the circuit rather than relying on the fully compensated 
devices. 


Frequency Compensation 


The elements of frequency compensation are com- 
mon to any sort of feedback system. The necessity for it is 
demonstrated by the gain versus frequency plot shown in 
Figure 11 for a typical amplifier. The graph is plotted with 


LOG AvD 6 dB/OC 


MAX LOOP GAIN 


FOR STABILITY 
dB 


MIN STABLE CLOSED 
LOOP GAIN (Ac_) 


for fo2 fo3 —-» 
LOG FREQUENCY 


FIGURE 11. Frequency Compensation 
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R2 


R1 


R1 


Avp (R1+R2) 


AcL = ———_—__—_—__—. = 
R2 + R1 (1+ Ayo) mee 


-Ayp R2 


eee ree 
R2+R1(1+ Ayp) 


Vout 


Avp R2 


Vout = (e2 — e4) 
R2+R1(1+ Ayp) 


FIGURE 10. Closed Loop Gain 


logarithmic scales in the conventional way. At de and 
midband frequencies the gain of the amplifier is constant, 
but at the first break frequency fg} which corresponds to a 
pole in the amplifier transfer function, the gain starts to roll 
off at a rate tending towards 6 dB per octave. This 
continues until the second break frequency f9 is reached 
where the roll-off starts increasing towards 12 dB per 
octave. These poles or break frequencies are caused by 
various time constants within the amplifier, usually a 
capacitance shunting a collector load as shown in Figure 12. 


FIGURE 12. Break Frequency Caused by Capacitance 
Shunting a Collector Load 


The gain will be proportional to the impedance of Rc in 
parallel with Cc so the break frequency 


l 
fy = 


2n R. C. 


C¢ not only causes the gain to fall off in inverse proportion 
to frequency but introduces a 90° phase shift into the 
amplifier response and this is added to by all subsequent 
time constants in the amplifier. Thus at point 0 where the 
true gain curve and the asymptotic curve are tangential, the 
phase shift is 180° (i.e., a complete phase reversal). For the 
system shown in Figure 13: 
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Vino 


Vin ACL 


FIGURE 13. Complete Phase Shift Reversal 


_ Avd- 


(1 + Ayp 8B) 


then 


2 1 
if Ayp >> 1 ee Ory 


l 
When the log— curve intersects the log Ave curve 
B VS 
log Ay — log z =0 


therefore log (Ayp 8) =0 
therefore (Ayp B)=1 


But when Ayp falls at 12 dB/octave, the phase shift is 
180° (i.e., AVP is negative) and if 


_ Avp 
lAyp Bl= 1 Acy = eT 


the system is unstable. 

Therefore the log 1/8 curve must intersect the log 
AVD curve at a slope less than 12 dB per octave. If the 
system is such that this condition does not obtain this slope 
(and it usually doesn’t), then some tailoring of the 
frequency response, i.e., frequency compensation, is re- 
quired. One of the simplest methods, and the method 


which is employed in the SN72741, is the ° single capacitor 
approach ’. A single capacitor is added to some part of the 
circuit, which is usually a high impedance point as in 
Figure 12 and a pole is introduced at a frequency fy from 
which point the open loop gain rolls off at 6 dB per octave 
as shown in Figure 14(a). Frequency, f] is chosen such that 
the frequency fe (at which the loop gain of the system is 
unity) is lower than any of the break frequencies f0Q1, 
f92, etc. This means that the amplifier must be stable since 
there is a phase shift of only 90° at fc. A point to note is 
that the node to which the compensation capacitor was 
added is usually associated with one of the natural break 
frequencies fg), f92, etc. and the extra capacitor is merely 
shunting an internal stray capacitance. This means that one 
of these poles may be shifted to fj, thereby removing the 
natural break frequency. If it is foy which shifts to f], fc 
‘needs only to be less than fg2 rather than fg; so that an 
increase in gain bandwidth can be obtained. 

For ‘ unconditionally ’ stable amplifiers, such as the 
SN72741, f] <fg> so that the entire mid-band gain of the 
amplifier is rolled off before the second pole is reached. 
This means that f} must be very low, less than 10 Hz, but it 
does allow 100% feedback to be applied around the circuit. 

As stated before, this method of frequency compen- 
sation usually causes a reduction in the maximum slew rate 
obtainable from the amplifier. A resistor/capacitor compen- 
sation technique gives higher slew rate and increased gain 
bandwidth, although it is more difficult to apply. Also to 
be used efficiently, it relies on a knowledge of the poles in 
the natural open loop transfer function of the amplifier. 
The effect of this method is shown in Figure 14(b). A 
resistor and capacitor in series are added to the compensa- 
tion point so that a break frequency fj is again produced at 
fj = 1/2 7ReCe where Cg is the value of compensating 
capacitor and Rg is the output resistance at the compensa- 
tion point. It has been assumed that for this particular 
amplifier that the time constant associated with the 
compensation point gives rise to fg2. Therefore, fo2 is 
shifted to the new frequency f,. The action of the series 
resistor R1 in the compensation network is to remove the 
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effect of Ce at a frequency equal to(1)/(2 7C, R1). If R1 
is now chosen such that 


] 


ae 
an C, Rl vl 


then the roll-off introduced by C¢ will be removed and the 
natural roll-off of the amplifier will be utilized from fo, to 
f03. The zero loop gain frequency fg must be less than f93 
and for a required value of ACL or 1/8 the total roll-off in 
dB is calculated. The frequency fj can be determined 
remembering that there is a constant slope of 6 dB per 
octave or 20 dB per decade between f1 and fc. Once fy has 
been calculated and assuming that Rc and fg; are known, 
C. and R1 can be calculated. 

Another frequency compensation technique which 
can be employed in conjunction with either of the two 
methods mentioned is that of a phase advance capacitor. 
This is most easily employed with purely resistive feedback 
configurations such as shown in Figure 15. Here, without 
the phase advance capacitorC, the closed loop gain 
is —R2/R1, and the transfer function of the feedback 
element B is RI/RI + R2. 


R1 


R3 


FIGURE 15. Phase Advance Capacitor — 
Resistive Feedback 
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FIGURE 14. Two Methods of Frequency Compensation 
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If C is added, a ‘roll-off? is introduced to the 
closed loop response at a frequency (1)/(2 7CR2). The 
feedback transfer function now becomes 


(++ oes) 
st — 
os where s is the Laplace operator. 
1 (R1 + R2) 
st | — 
C RI R2 


A zero has been introduced into the loop gain at a 
frequency (1)/(2 tCR2) which can be used to nullify a 
pole in the open loop gain. There is also an extra pole at 


| 

where R_, = soon 
2m CR, P R1 + R2 
the parallel combination of R1 and R2. However, this is at 
a higher frequency and can usually be ignored. Phase 
advance compensation is often very useful when a system 
has been built up and is found to be unstable. The 
frequency of oscillation is measured and C chosen such that 
! 


2mCR2 

is equal to this frequency. It is also useful where extra 
active components have been introduced inside the feed- 
back loop of the system — perhaps a discrete transistor 
added at the output of an op amp in order to provide extra 
voltage swing. This will often produce an extra pole which 
could be an embarrassment, but whose effect can be 
removed by the addition of the phase advance capacitor. 

A final method is input frequency compensation. 
This is normally used only where maximum slew rate is 
required or where no convenient roll-off point is available. 
The method is shown in Figure 16 for a noninverting 
amplifier. 


It can either use an Re Ce combination, as shown, 
which makes it equivalent to the ReCe compensation 
method described or it can use a single capacitor which is 
equivalent to the first method described. Input frequency 
compensation does not have any effect on the open loop 
gain of the op amp, but it does affect the loop gain. This is 
modified in such a way that a pole is produced at a 


R1 


R2 


R3 


FIGURE 16. Input Frequency Compensation 
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frequency l 
2n (2 Ry +R) C, 


R2 R3 


where R. = =R_+Ril 


7 R2 + R3 


Rg is the source resistance and R1 is chosen to satisfy the 
equivalence. This form of compensation also produces a 
zero at 1 


20 Co Re 


These are manipulated in exactly the same way as for the 
Rc Ce frequency compensation method. Since the extra 
capacitive loading is now placed on the generator or source 
and not on the op amp, the slew rate of the op amp is not 
reduced at all by the compensating capacitor. However, the 
signal-to-noise ratio of the system is degraded and for this 
reason input frequency compensation is normally used only 
in the situations mentioned above. 


SYSTEM STABILITY 


In the previous paragraph on _ Frequency 
Compensation, a rather empirical approach to system 
stability was adopted and it should be emphasized that this 
is usually very satisfactory in the majority of applications. 
There are, however, some circumstances where a more 
mathematical approach is required, notably where reactive 
components are used in the input and feedback paths of the 
system. To cover the subject in detail requires the complete 
text book rather than a chapter. However, one method of 
stability analysis can be summarized as follows: 

The circuit of Figure 13 can be redrawn in a more 
generalized canonical form, as shown in Figure 17. 


FIGURE 17, One Method of Stability Analysis 


where R is the reference input 
C is the controlled output 
G is the forward transfer function 
H is the feedback transfer function 

then C/R represents the closed gain of the amplifier 
(ACL) 
G represents the open loop gain (Avs) 

and, GH represents the open loop transfer function 
(Avs B) 


R, C, G, and H are now Laplace Transformed 
quantities and are functions of the complex 
frequency variable, s. 


For the canonical system, the closed loop transfer 
function 


1+ GH 


but GH can be represented by 
KN (s+ z1\(s + z2)\(s+z3)... 
D (s + pl)\(s tp2\(s +p3)... 


Thus C 7 G GD 


R 1+KN/D D+KN 


and the poles of the closed locp system are given by the 
roots of the “characteristic equation”: D + KN = 0. The 
characteristic equation can be written in the form: 
n n—1 = 
a,s ta, 1s +...ajsta,=0 
The Routh Stability Criterion can be applied to this by 
means of a Routh table which is constructed as follows: 


where an apy» etc., are the coefficients of the character- 
istic equation and 


b= 
l 
an—| 
An—1 An—4 ~ 4p An_5 
b= —— etc 
Si] 
_ by ap_3 ~ any bg 
Cy = 
by 
by an—§ ~ 4n_] b3 
i) = etc. 


The table is continued in this fashion until only zeroes are 
obtained in the rows and columns. 


If all elements of the first column of the Routh table 
have the same sign, all the roots have negative real parts and 
the system is stable. The system may still be underdamped 
so that a peaky response and overshoot are produced but it 
will not oscillate continuously. 

As an example, consider the circuit shown in 
Figure 18. 


Cc 


hy 


FIGURE 18. Stable System Circuit 


Assume that an amplifier has a dc gain of K anda 
single break frequency, f1, in its response 


K on 
then G=-———_ 
(s + Ww) 
where Ww) = anf). 
l | 
sC CR 9 
Now H= ———= as = 
+ 
Re seg as 2 
sC CR 
l 
where W7 = —— 
CR 
od Ges 
therefore GH = K 


(s + w1)(s + wy) 


and the characteristic equation is 


(s tw) st ws) + Kw, wy = 0 
or 


57 + s(w tw) t(w, w+ Kw, w5)= 0 
1 2 aes Ir2 


Constructing the Routh table from this equation : 


S 1, (Wy w+ Kw, wo), 0 
S (w, tw) ; 0, 0 
S (Ww) W7 + Kw, wo) , 0, 0 


Thus the system is stable for all positive values of w and K. 
This criterion does not imply that the system will be 
adequately damped. In the example above, the damping 
ratio is practically zero. To test the stability of the system 
further, it is advisable to include the second pole in the 
amplifier response G and recalculate the Routh table. 

When calculating the loop transfer function for a 
system using the inverting or virtual ground configuration, 
such as the integrator system in Figure 19, the system must 
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FIGURE 19. Integrator System 


be converted to canonical form by referring the input 
voltage to the noninverting input terminal. For the integra- 
tor, the reference input becomes: 


i 
= or -V 
Ve : in\ 4 w; 
Kit 
sC; 
] 
where o> = 
C:R. 


If the operational amplifier itself has a single pole response 
G' 


Ww 


fe) 
where G'= K 
s+ Wo 
then 
Wo Wj Ri 
GH = [K 
st Wo 8 + 0; | 
sC; 
WI Wj S 


kK —-————- 
(st wos + w;) (s+ w;) 


and the characteristic equation is 


2 - 
(s + wos + wi)” + sSKw, j= 0. 


Step Response of a 2-Pole Amplifier 


If a system has a loop transfer function containing 
only one pole and no zeroes, then the gain — frequency 
characteristic of the closed loop amplifier will be com- 
pletely flat until the break frequency is reached when the 
gain starts to roll off at a rate tending to 6 dB/octave. 

Many systems, however, have a two-pole transfer 
function or can be approximated to a two-pole function 
[Figure 20(a)]. The closed loop response now has a certain 
amount of peaking in its gain characteristic [Figure 20(b)] 
if the system damping factor 


‘<7, 
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FIGURE 20. Closed Loop Step Response of 
Two-Pole Amplifier 


If wg and wy] are known then the damping factor can 
be calculated from 
Wy TW] 


oe 


where Ayp 8 is the mid-band loop gain. The natural 
frequency of the system is Wy /(27) 


where 
w, =VAyp 8 w9 | 


The full expression for output voltage as a function of time 
iS 


wt 
Vo(t) = Aci Vin u(t) +ke 


sin|0, (1 - Treo] 
For step input: u(t) = 1, ¢= cos !¢ 


—Vin ACL 
ve 


which is effectively the overshoot of the system. 


and k= 


Figure 20 shows peaking plotted as a function of 
damping factor for values of ¢ less than 0.7. 


XIV APPLICATIONS OF OPERATIONAL AMPLIFIERS 


by Richard Mann 


In this chapter a large number of practical circuits are given 
and briefly described, to demonstrate the ease with which 
systems can be assembled using op. amps. The applications 
fall into the following categories: Arithmetic, Filters, Non- 
linear Circuits, Oscillators, Audio, and Control. Only 
Commercial grade devices, i.e. SN72 series, are specified but 
military grade amplifiers, ie. SNS2 series, could also, of 
course, be used. 

Some of the circuits shown are original but many of 
them have been taken from standard sources. Most of the 
circuits are capable of improvement or refinement to meet 
a specific need. Systems such as the Voltage Controlled 
Oscillator demonstrate, however, that these basic circuits 
can often be used as the building block of a much more 
complex overall system while still retaining the basic 
simplicity of designing with integrated operational 
amplifiers. 


ARITHMETIC 


Practical Voltage or Current Adder 


In the previous chapter the operation of an inverting 
amplifier was described showing that the inverting input 
terminal of the op. amp. was a ‘virtual earth’ point. This 
feature means that a number of other inputs can be applied 
to the same point, as shown in Figure 1, without any inter- 
action between the inputs. Thus the current flowing through 
R1 is V1/R1, the current through R2 is V2/R2 and so on. 
Since the currents flow into a ‘virtual earth’ there can be no 
return current flowing out of an input resistor. Therefore, 
the sum of all the currents flows through Rp, the feedback 
resistor. To satisfy this condition the output voltage Vo must 
be 


Rl R2 R3 


the minus sign indicating an overall negative gain. 


+ + + 
-ref + V2 | 


In order to keep the errors due to the input bias current, I] p, 
to a minimum as previously described, Rp is made equal to 
the parallel resistance of R1, R2, R3 and RRB. 


Any remaining offset when V1 = V2 = V3 = 0 can be nulled 
out by adjusting potentiometer VR1. 


The oscillogram, Figure 2, shows the circuit operating with 
sine wave on one input, a square wave on the second and the 
third input grounded. The bottom trace is the sum of the 
three inputs. In this case RF was equal to R1, R2 and R3 


OFFSET 
vAt ADJUST 


—Vec. 


FIGURE 1 Voltage or Current Adder 
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FIGURE 2 Example of Adder Waveforms 


giving unity gain. Under these conditions the bandwidth of 
the adder using an SN72307 is approximately 1MHz and the 
output drift with temperature would typically be 24 uV/ 
degree cent. since the drift is 


RF + Rp 
VI of Rp ) 
where Rp is the parallel resistance of the input resistors, i.e. 
Rp/3. 
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Voltage Subtractor 

The Adder of Figure 1 can be converted into a Subtractor or 
Differential Amplifier by adding an extra resistor to the non- 
inverting input terminal as shown in Figure 3. Since there is 
negligible current flow into this terminal 


and since the minimum mid-band Ayo of the SN72307 is 
25,000 the difference in voltage between e, and e, can be 
ignored, i.e. e2 = e,. Therefore the current flowing in the 
inverting input arm is V2 ~- e2 

Rl 


V2 _ Vi_ RE 
Rl R1 (RI + RB) 


V2 (R1 + RF) - VIRPF 
R1(R1 + RB) 


FIGURE 3 Voltage Subtractor 


All this current flows through the feedback resistor, RF, 
therefore the output voltage 


ie V2(R1+Rp) - VIRE VIRF 
oe RI (R1 + RR) RI +RRp 


_Rpg [V2(R1 +Rp) - VI(RF)] + VIRIRE 
Ri (RI +Rp) 


_Re [V2(R1+Rp) - V1(R1+RR) ] 
RI (R1 +Rp) 


_RE 2 
or (V2 - V1) 


Thus the output voltage is directly proportional to the 
difference between the two input voltages and the closed 
loop gain of the subtractor is again -Rp/R1 and, as with the 
adder, any offset voltage can be trimmed at, at a given 
temperature, by adjusting potentiometer VR1. 


136 


With the maximum values of Vcc+ and Vcc- the common 
mode input voltage range is + 15 V. A point to watch in this 
circuit is the difference between the input impedances of 
the positive and negative input terminals. V1 sees an imped- 
ance of Rl + RF but V2 sees an impedance which may be 
less than R1 and is dependent on V1. Therefore the source 
impedances for V1 and V2 must be much less than R1 or 
they must be taken into account so that the input resistance 
in each arm includes the respective source impedances. The 
combined resistances must, of course, be equal to each other. 

The Differential Amplifier is frequently used to convert 
balanced signals to an unbalanced, or single-ended, line and 
a Balun circuit is described in the Audio Circuits, in which 
the two input impedances can be made equal provided V1 
=V2. 


Integrator 


Op. amps. are very commonly used in active integrating 
circuits such as that shown in Figure 4. Like the Adder 
there is a virtual earth at the inverting input terminal so 
the input current is V/R1, and all this current flows into the 
feedback capacitor, Cl. Therefore the voltage across the 
capacitor is 


t 
1 Vv 


assuming that the capacitor is fully discharged at t = 0. The 
output voltage Vo is therefore 


Seu V.dt 
aki ji. 


ty.dt 
CRIo 


FIGURE 4 Integrator 


If V is constant then Vo will change linearly until the 
amplifier saturates. The lower traces in the oscillogram, 
Figure 5, shows a square wave applied to the input. The 
voltage switches equally above and below ground potential 
giving a triangular output wave with equal slopes. 


SINE INPUT 


SINE OUTPUT 
(90° PHASE 
SHIFT) 


SQUAREWAVE 
INPUT 


TRIANGULAR 
WAVE OUTPUT 


FIGURE 5 Integrator Waveforms 


The upper traces show that a sine wave applied to the input 
will be advanced in phase by exactly 90°. The sign inversion 
has been removed here by the oscilloscope. If this is not 
done then, of course, there is effectively a phase lag of 90° 
rather than an advance. 


The closed loop transfer function can be calculated in the 
normal way from 
1/s Cl _ Ss 


Rit icy where W, = 


a 
C1R1 
Again the input voltage must be related to the non-inverting 
input giving an effective input voltage V1 where 


Rl Vw 
R1 + 1/sC1 St Ww, 


Vie ¥. 


Assuming that the closed loop gain very closely equals 
1 _Vi_ W, (stw 1 
H ’ Pn “Gea a es 
The u term is equivalent to an integration of V with respect 
to time since w, is a constant, 1/C1.R1. This means that 
the 90° phase shift is constant for a wide band of frequencies 
and only varies when stray effects such as capacitance of 
amplifier output impedance are taken into consideration. 
The main practical difficulty of the integrator is d.c. 
stability. The d.c. gain of the integrator equals the open 
loop gain of the amplifier and a very small input offset 
voltage or current can soon drive the output to saturation 
since it must tend to charge the capacitor continuously. 
The alternatives are to use a clamp, e.g. either a switch/FET, 
which is disabled only during an actual integration period, or 
a resistor, across Capacitor C1. This resistor, R3, gives the 
integrator a finite d.c. gain. However, it does tend to make 
a linear integration slightly exponentional and the phase 
shift to sine wave inputs is 90° only for frequencies which 
are substantially greater than 


1 
2nCl.R3. 


It is therefore necessary to make R3 >> R1. The feedback 
function is l 


s + CI.R3 
s + C1.(R1 + R3) 
C1?R1. R3 


If R3 >> R1 the output voltage is now given by 


_y ll sto eee Oe 
Va>"Y: cet 6G, where w3 CLR3 
therefore V,)=-V.a1 .( ) showing the integrator 


holds for s >> w3. Tas 


A third alternative for reducing drift is to use a ‘super beta’ 
amplifier such as the SN72771 or best of all the precision 
op. amp. type SN52108A. However, the best solution must 
be dependent on the particular circumstances in which the 
integrator is required to operate. 


Double Integrator 

When a double integration function is required it is common 
to use two integrators in cascade. However, the problems of 
d.c. drift may be considerably multiplied when coupling 
two standard integrators together. 


The circuit shown in Figure 6 is capable of giving double 
integration function with very little offset drift since the 
d.c. gain of the single amplifier employed is unity since 
there is a resistive feedback path but the input paths are 
blocked by Capacitors C1 and C4. 


In order to obtain the desired transfer function it is necessary 
to have the following equalities: 
R1.C1l = 4.R2.C3 , R3.C2 = 4.R1.C4 , R2.C2 = R3.C3 


The transfer function is then: _2.C4 __S 
where r= R2.C2. 72.3 (st l/r) 


R2 


FIGURE 6 Double Integrator 
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Therefore, provided s >> !/r the transfer function reduces 
to 


2C4 


1 = 
K.Gz) where K= 252¢77¢3 


and this is equivalent to a double integration. 


A typical application of the double integrator would be in 
conjunction with an accelerometer to provide a direct output 
proportional to displacement. 


FILTERS 


The filters described in this section are all simple second 
order filters having a common transfer function of the form: 


N(s) 


MS © FEZ e005 Fo? 


N(s) will vary according to the function of the filter, ¢ is the 
Damping Ratio and wo is cut off frequency or centre 
frequency. 


High Pass 


The filter shown in Figure 7 has the following transfer 
function: 
2 


S 


s? + 2.f.wo8 + Wo? 


H(s) = 


FIGURE 7 Second Order High Pass Filter 


Thus for high frequencies, greater than wo, the gain tends 
towards unity. At lower frequencies the gain falls off at a 
rate reading a maximum of 40 dB/decade (12 dB/octave). 
The response in the region of wo is dependent on the damp- 
ing factor as shown in the oscillogram, Figure 8. The damp- 
ing factor can be calculated from 


_ /Ri 
$ - /% 

1 
When ¢=,/2 the filter is critically damped and the fre- 
quency response achieves the sharpest cut off possible with- 
out peaking. As § is reduced the peaking increases rapidly 


and the actual amount can be estimated directly from the 
' graph, Figure 20, of the previous chapter. 
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FIGURE 8 High Pass Filter Response 


The cut off frequency is calculated from 


1 


“o ~ ¢ JRIR2 


so that the values shown in Figure 7 give a cut off 
frequency of 50 Hz and a damping factor of approximately 


1 
a 


FIGURE 9 Second Order Low Pass Filter 


Low Pass Filter 

By interchanging the resistors and capacitors in 
Figure 7 the dual of the High Pass filter is formed as shown 
in Figure 9, having a Low Pass response. The transfer 
function is now 

it 
H(s) = 2 
s*+2.6. wo .St Wo’ 


This will, of course, tend to unity as the input 
frequency or the value of s decreases below wa. Again the 
response in the region of ww, is determined by the damping 


factor which is given by 
-,/Cl 
f= 


The cut off frequency is exactly the same as for a Bandpass Filter 


High Pass filter with equivalent components but if the two It is also possible to modify the basic transfer 
resistors are now equal, function to have the same denominator but an overall 
‘i 1 Bandpass response. A transfer function of this type is 
en Wo = Dom 
RyC1.C2 H(s) = __Ko -(#o/Q)s 


2 2 
Some responses are shown in the oscillogram, Figure s° + (Wo/Q)s + wo 
10, for critical damping and for ¢ less than Wome The where Wq is the centre frequency and Q is the ratio of the 
critically damped curve has been given a different cut off centre frequency to the —3 dB bandwidth, also Q = 1 


frequency to make the response more easily distinguishable. 2g 
With the components values shown in Figure 9 the cut off Two circuits which give this type of response are 
frequency is approximately 5 kHz. shown in Figures 11 and 12 with the appropriate equations 


for the calculation of components. 


FIGURE 10 Low Pass Filter Response 


It is interesting to note that both the High and the 9) 
: : = \ R1 + R2 V2.Rl 
i i Wo —— eae cae oh a = 
Low Pass filters require an amplifier having only unity gain. RG Ko aR Q GRE 


It is therefore possible to replace the op. amp. with one of 
the newer devices having internal feedback to give unity 
gain, such as the SN72310. These voltage follower devices FIGURE 11 Bandpass Filter 
are characterised by their comparatively high slew rate and 


bandwidth properties. R 


1 _ RI+R2 2 Ri 


wo=Re | Ko =>Ri_-R2 , 27 2RI_-R? 


FIGURE 12 Alternative Bandpass Filter 
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NON-LINEAR CIRCUITS 


All the circuits described so far have had different transfer 
functions and applications but they have all been linear. By 
incorporating in the feedback path a device such as a diode 
or transistor it is possible to tailor the closed loop response 
of an op. amp. so that its transfer function will be 
dependent on the level of the input voltage or current and 
thus be non-linear. 


Half Wave Rectifier 

The most commonly used non-linear circuit is the 
rectifier, either half wave or full wave. By putting a diode in 
the feedback path of an op. amp., as shown in Figure 13, its 
forward voltage, Vp» of about .7V (for silicon) is 
effectively divided by the open loop again of the amplifier 
giving an equivalent forward voltage of typically 50 pV. It 
thus becomes, within the limits of frequency and slew rate, 
almost a perfect rectifier. 


FIGURE 13 Half Wave Rectifier 


In the circuit shown, if V,, 18 negative, the output of 
the op. amp. will start to go positive turning off diode D1 
and forward biasing diode D2. Current then flows through 
resistor R3 and the circuit operates like a normal inverting 
amplifier and has a gain equal to R3/R1. Pin 6 on the op. 
amp. will be offset above V,, by an amount equal to Vp 
but this is immaterial since V,, is taken from the cathode of 
D2 and not the anode. 

When V., §0es positive, diode D2 is reverse biased 
and current flows instead through resistor R2 and diode 
D1. The value of R2 is not critical since it merely serves to 
give the system some finite gain and prevent the output 
stage of the op. amp. from saturating. 

V,, is now derived, via resistor R3, from the anode of 
D1 which is connected to the inverting input of the op. 
amp. and since this is a ‘virtual earth’ point then V, must 
also be zero-assuming that Vio is negligible. 

The main limitation with this circuit is the slew rate 
of the op. amp. As the input voltage goes through zero 
there must be a very rapid transition at Pin 6 from +V,, to 
—Vp> or vice versa, in order to get the appropriate diode 
forward biased. Since the transition will be nearly 1.5V the 
transition, when using an SN72741, will be approximately 
3 ys. The point at which this becomes a significant part of 
the total cycle time sets an upper limit to the’ operating 
frequency of the system. 
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Full Wave Rectifier 

There are numerous circuits for full wave rectification 
using op. amp. but a very elegant version is shown in Figure 
14. The chief attraction of this circuit is that it uses 
identical resistors throughout which usually makes 
matching and hence accuracy, somewhat easier. It also has 
the advantage of a ‘virtual earth’ input node so that the 
rectifier can provide voltage gain or attenuation simply by 
varying the value of input resistor R1. Both half cycles will 
be affected identically and the full wave rectified output 
will be symmetrical. 

The operation of the circuit is easily appreciated if its 
two modes of operation are split as shown in Figures 15 
and 16 which represent Vi, Positive and V. negative 
respectively. The nodes of the circuit are labelled for 
identification. 

Point a is grounded so b is a ‘virtual earth’. No 
current flows into c so this point and hence d are also at 
ground potential. All the input current, V; nlRin? therefore 
flows towards e so the voltage at e is =v. aR/R.,,- The 
voltage at f is zero so a current flows towards f. mequal to 


~—V. R 1 
in cee 

( R. R 
in 


The voltage at f must therefore be 
as e ar 
Rn R 


R , proportional to and the same phase 


which equals V,_ . 
in 


as the input voltage, Vin 


In the second mode with V., negative diode D1 is 
reverse biased and diode D2 forward biased as shown in 
Figure 16. Again point b is a virtual earth but current can 
now flow through diode D2 so c will have a hypothetical 
potential, »v, above earth and this will also be the potential 
at d. 

An input current of V; n! Rin now flows in the 
opposite direction through the input "resistor and a current 
of v/R flows through diode D2. The current flowing from 
point e (and hence from point f) must be the difference 
between the input current and the diode current. 


V. p 


ie. Es es 


R, R 


which equals Via . Thus the modulus of the gain 
in 

is the same as for negative input voltages but the phase has 

reversed. 


Vin/Rin 


FIGURE 15 Positive Cycle Rectification 


FIGURE 16 Negative Cycle Rectification 


The same limitation applies to this circuit as to the 
half wave rectifier described previously, in that the output 
voltage of the first op. amp. has to switch through 2 V_ as 
the input goes through zero. As before the slew rate of the 
amplifier determines the maximum operating frequency of 
the rectifier. An SN72558P dual op. amp. is a very suitable 
device to use in this circuit since it is internally compen- 
sated and both amplifiers are accommodated on a single 
chip within an 8 pin plastic D.I.L. package. 

The oscillogram in figure 17 shows the response of a 
rectifier using the SN72558 with an input frequency of 1 
kHz. The error due to slew delays is just discernible at the 
cusps of the output waveform. 


FIGURE 17 Response of Rectifier 
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Schmitt Trigger 

The Schmitt Trigger circuit is very commonly used 
where a fast and very positive voltage transition is required 
to occur as a voltage, which is often changing very slowly, 
reaches a certain value. The circuit is regenerative so that 
once it is triggered it requires a considerable change in input 
voltage to reset it. This change, or hysteresis, ensures that 
the output is quite ‘clean’ and does not suffer from 
multiple transitions due to noise occurring at the input just 
as the most sensitive moment when it is triggering. 

A typical circuit is shown in Figure 18. It is 
unnecessary to use an internally compensated amplifier for 
this type of application since it is regenerative anyway and 
the positive feedback pushes the op. amp. into saturation 
where it cannot oscillate. This also means that a higher 
amplifier slew rate can be obtained and this is a very 
desirable feature in a Schmitt Trigger. 


Vin 


VREF 


FIGURE 18 Schmitt Trigger 


If we assume that the input voltage V,,, 18 initially 
negative then the output voltage will rise to Mae the 
positive saturation voltage. The voltage at the non-inverting 
input terminal will therefore be 


Vaur t Vmax -RI/(RI + R2) 


REF ma 

When the input voltage rises to a level which is 
marginally above this voltage the output will start to go 
negative and the positive feedback drives the output to its 
negative saturation level Vinin, pe voltage at the non- 
inverting input is now 


VREF ~Vmin .R1/(R1 + R2) 
The output stops at Vinin UNtil the input falls to this lower 


threshold voltage. 
The hysteresis of the circuit is therefore 


(V wax t Vmin) -RIARI + R2) 


The response of the Schmitt Trigger is shown in 
Figure 19. The upper trace is the input voltage and it can be 
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FIGURE 19 Schmitt Trigger Response 


seen from the lower trace, the output voltage, that the 
upper and lower thresholds are approximately +2V and 
—2V respectively. By adjusting the ratio of R1 to R2 and 
value of Verr it is possible to choose any threshold and 
hysteresis required. The slew rate of the SN72748 is greater 
than 50V/ys when used without an external compensating 
capacitor. Both the rise and fall times of output square 
wave are therefore approximately 500 ns. The propagation 
delay of the circuit is 2.2 us giving a maximum operating 
frequency of approximately 450 kHz. 


A Triangular Wave to Sine Wave Converter 


A circuit capable of a variety of non-linear transfer 
functions is shown in Figure20 In the form shown it has no 
external sources of bias and will only produce functions 
whose slope decreases as the input increases — e.g. logarith- 
mic and sine functions. The circuit relies on the very pre- 
dictable value of the base-emitter voltage VpR of a silicon 
transistor and if a combination of pnp and npn devices is 
used as shown then the function will accept bipolar input 
voltages. 


When Vin is zero or very low the feedback current If equals 
the input current lin (= Vin/Rin) and the voltage produced 
across resistors R1, R3 and RS will be less than VBR (.65V) 
so all the transistors will be biassed ‘off’. The gain of the 
amplifier is therefore (R1 + R2+R3+R4+RS5 + R6)/Rin 
As Vin increases (positively say) so If increases until the 
voltage across R1 equals VBE turning on transistor VT4. 
This diverts any further feedback current from flowing into 
resistor R2 so that there is a smooth transition into a new 
gain of 


(R3 + R4+ R5 + R6)/Rin 


As Vin increases further the voltage across resistor R3 
reaches VBE turning on transistor VT5 and the gain becomes 


(R5 + R6)/Rin F 


él e, 


ay <; f 
R7< 
1k ? 
——j— 
lin O 
OUTPUT 


FIGURE 20 A Triangular Wave to Sine Wave Converter 


Finally, transistor VT6 is turned ‘on’ and the gain falls to 
nearly zero. If a finite minimum gain is required then an 
extra resistor, R7, can be added. 


The component values shown give a sinusoidal transfer 
function. The action described above takes place during the 
first quadrant of the sinusoid. The action reverses giving 
increasing gain as Vin decreases during the second quadrant. 
When Vin starts to increase in the negative direction then 
transistors VT4, VT5 and VT6 will all be ‘off’ but the 
action will be repeated with transistors VT1, VT2 and VT3 
being successively turned ‘on’ during the third quadrant and 
then ‘off again during the fourth. 


The circuit does not have great accuracy and it is, of course, 
subject to the normal 2mV/°C temperature variation 
associated with silicon function voltages. However, it does 
have the advantage of simplicity and by adding further 
stages smoother transitions and greater law conformity can 
be achieved. The diodes D1 to D6 are necessary since the 
high gain transistors used have a significant reverse current 
gain, hFE, which would destroy the law if the transistors 


FIGURE 21 Waveforms for Figure 20 


were allowed to conduct during the quadrants opposite - to 
those intended. 


Figure 21 is an oscillogram showing the input and output 
waveforms when used with a triangular input such as that 
obtainable from the V.C.O. previously described. It is thus 
quite feasible to make a simple low frequency, wide range 
voltage controlled sine wave generator by combining the 
two circuits. 


A Positive-Negative Gain Amplifier 

The amplifier shown in Figure22has unity gain which can be 
programmed to be positive or negative according to the 
voltage applied to the Control Input. 


The controlling element is a TIS73 N-channel FET which 
has a low value of RDs(on). When zero volts is applied to 


R2 
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FIGURE 22 A Positive-Negative Gain Amplifier 
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the gate of the FET its drain is effectively shorted to earth. 
The non-inverting input of the amplifier is therefore held at 
ground potential and the gain of the amplifier is defined by 
resistors R1 and R2 as in a normal inverting amplifier. With 
R1 = R2 and OV at the control input the closed loop gain 
of the system is therefore minus unity. 


When the control voltage is reduced below the pinch off 
voltage of the FET then the transistor is virtually open 
circuit. If Vin is applied to the Input terminal, then Vin also 
is applied to the non-inverting input of the Op. Amp. Since 
the negative feedback ensures that the inverting input 
terminal is also at Vin, no current flows through resistor R2 
and the output terminal must also sit at a potential of Vip. 
Thus the closed loop gain is now plus unity. The variable 
resistor can be used to null the input offset voltage of the 
Op. Amp. to zero for greater accuracy. 


Almost any internally compensated Op. Amp. can be used 
but it should have a very low input bias current if fairly 
high resistor values are used. A high slew rate is also de- 
sirable if the output is to settle quickly after the control 
voltage has been changed and these two factors make the 
SN72771 avery suitable device. 


A Voltage Controlled Oscillator (V.C.O.) 


The V.C.O. whose circuit is given in Figure 23makes use of 
the Positive-Negative gain amplifier previously described. 
The output of the positive-negative gain amplifier is applied 
to a standard integrator using an SN72741 whose output, in 
turn, is applied to a Schmitt Trigger comprising an SN72748 
and two zener diodes. 


Assuming that the input voltage is +Vjp and that the output 
of the Schmitt Trigger is limited in the negative direction, 
then the FET will be ‘pinched off’ and the output of the first 
stage will be +Vjin. The output of the integrator will there- 
fore start to go negative as capacitor C1 is charged up. The 
non-inverting input of the Schmitt Trigger is clamped at 
approximately -6V (Vz + VE for the two diodes ZD1 and 
ZD2) and when the integrator output reaches this potential 
the output of the third stage will rapidly change to become 
limited in the positive direction. Because a high slew rate is 
required here due to the large voltage swing involved an un- 
compensated SN72748 is used. Operated under these con- 
ditions this device has a typical slew rate in excess of SOV/us. 
When this output goes positive, it returns to the gate of the 
FET but clamped to ground by diode D1 in order to pre- 
vent the FET from drawing gate current. The action of the 
circuit now reverses. The integrator is fed from a potential 
of -Vin and its output rises linearly from -6V to the new 
aiming potential of approximately +6V. When this is reached 
the action again reverses. The output of the integrator is 
therefore a very linear and symmetrical triangular wave and 
since the charging current of capacitor C1 is directly pro- 
portional to Vjn the linearity of the voltage/frequency is 
maintained over more than three decades — the limiting 
factor being primarily the slew rates of the first and third 
stages when Vin is high (>2V) and the input offset voltage 
of the first stage when Vin is low (<10mV). By adjusting 
potentiometer VR1 to compensate for Vp , very good 
linearity is obtained between 2mV and 2V and reasonable 
linearity between 1mV and 10V as shown in the graph 
(Figure 24). 
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FIGURE 23 A Voltage Controlled Oscillator 
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FIGURE 24 Graph of Frequency v Voltage 


Free Running Multivibrator 

By adding a resistor and capacitor to the Schmitt 
Trigger previously described a very simple square wave 
generator is formed. The frequency stability of the circuit is 
not particularly high but the oscillator is self-starting and it 
is very suitable as a general purpose pulse source or for 
strobing audible alarms or similar applications. A typical 
circuit is shown in Figure 25. 

As with the Schmitt Trigger positive feedback is 
applied via the attenuator consisting of resistors R2 and R3 
and this drives the output of the amplifier either to its 
positive saturation voltage, V , or its negative saturation 
voltage, Vinin’ If the output has reached Vs ax 84Y; then 
current flows through resistor, Rl, and charges capacitor C 
so that the voltage at the inverting input increases towards 
Vinax: Uowever, when it is slightly greater than 
Vinax * R3/(R2 + R3) the output will start to go negative 


R1 


FIGURE 25 Free Running Multivibrator 


and will be driven down to Via in by the positive feedback 
again. Capacitor C will now start charging in the opposite 
direction and when the voltage acrossit slightly more 
negative than V_, . R3/(R2 + R3) the action will reverse 
and repeat. 

Providing |V_ ax] =| Vinin| the rate of charge in 
each direction will be identical and the output will be a 
square wave. This is shown to be the case by the 
oscillogram in Figure 26. There is a slight difference 
between the magnitude of the two saturation voltages but if 
fairly high supply voltages are used (i.e. Vic = = 15V) the 
difference is not significant. 
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FIGURE 26 Waveforms for Figure 25 


The period of oscillation of the free running multi- 
vibrator shown can be calculated from 


7=C.R1.In [(V,,,, R2+ (V wax t Vind: R3)/Vnax - R2] 


With the component values shown the frequency of 
oscillation is 2.8 kHz. If frequencies much higher than this 
(greater than SO kHz, say) are required then the circuit 
should be modified by adding zener diodes or other 
clamping diodes to limit the total output swing, and also to 
prevent the amplifier from going into saturation. 


Quadrature Oscillator 

By combining two of the circuits previously 
discussed, the integrator and the low pass filter, a 
quadrature oscillator can be made which is particularly 
suitable for very low frequency applications (> 10 Hz). The 
circuit is shown in Figure 27. Two SN72307 amplifiers are 
used because of their low input bias currents which enables 
very high values of resistors to be used. 

If it is assumed that there is a sine wave at the 
integrator input resistor R3, then, as previously noted, this 
input will be advanced 90° in phase so that a cosine wave 
appears at the output in quadrature with the input. This 
cosine wave is then applied to the input of a low pass filter 
(OA1 etc.) which, at its cut off frequency produces a phase 
delay of 90°. Thus the output is now in phase with the 
original input to the inegrator and, if the loop is completed, 
sustained oscillations can be produced. 
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FIGURE 27 Quadrature Oscillator 


The values of R3 and C3 do not affect the frequency 
since the integrator gives the same phase shift to all 
frequencies within its practical limits of operation. How- 
ever, the values of R3 and C3 do affect the loop gain of the 
system and they therefore control the ability of the 
oscillator to start up and sustain oscillations. The zener 
diodes, ZD1 and ZD2, control the level of oscillation 
because, as they start to turn ‘on’ at the peaks of the cosine 
wave, they attenuate the feedback signal such that the 
output of OA2 is not overdriven. The distortion produced 
by the zener diodes is effectively removed by the low pass 
filter so that the quadrature outputs are both sinusoidal. It 
should be noted that there is also a d.c. negative feedback 
path around the oscillator so that any drift in the integrator 
is corrected and the cosine output is symmetrical about 
ground potential. 
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The integrated circuit op. amp. was originally 
designed for use in analogue computing systems but their 
characteristics make them almost ideal as the gain block in 
numerous audio applications. Their high gain, stability, 
toleration of widely varying power supplies, common mode 
rejection are all very desirable features. Futhermore, they 
have a high input impedance, low output impedance, small 
size and low cost. Their only drawback compared with 
small signal discrete components is that they tend to have a 
higher noise level. However, the modern I.C. op. amp. 
compares favourably with all but the specially designed low 
noise discrete device. Typically they have equivalent input 
noise voltages in the region of 1 wV to 3uV rms for a 
bandwidth of 10 Hz to 20 kHz and this is sufficient to give 
signal to noise ratios of 60 dB or 70 dB for most magnetic 
gramophone pick-up cartridges. 

Circuits which together comprise a complete stereo 
amplifier are given and explained in detail in Chapter XVII. 


An Equaliser—Preamplifier 

The first stage of a Hi-Fi amplifier is usually an 
equaliser which accepts signals from a number of sources; 
gramophone pick-up, radio tuner, tape recorder, etc., and 
provides the necessary gain and frequency response to 
ensure that the output has a ‘flat’ frequency response and 
similar level for any of the inputs selected. The circuit in 
Figure 28 accepts a magnetic cartridge input and two high 
level ‘flat’ inputs and gives an output of a nominal 100 mV. 

There are two feedback paths around the op. amp. A 
d.c. feedback via resistors R3 and R2 which is isolated from 
earth by the a.c. bypass capacitor, C2. Since there is no d.c. 
attenuation in this feedback path the d.c. gain is unity and 
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FIGURE 28 Equaliser-Preamplifier Circuit 


the output will not drift more than a few millivolts from 
ground potential. For a.c. signals however, the feedback is 
determined by the impedance of the feedback network 
selected by S1B and the resistance of R2. If the impedance 
is Z then the a.c. gain of the stage is approximately 
(Z + R2)/R2. Because the open loop gain of the op. amp. is 
so high this approximation is very close and it is possible to 
control the frequency response more accurately than with 
most discrete amplifiers. In order to keep the open loop 
gain high an SN72748 is used with an external compen- 
sation capacitor of 10 pF, rather than an SN72741, since 
this gives about three times the gain bandwidth of the 
internally compensated device. 

The signal source is connected to the non-inverting 
input of the amplifier. This has an inherently high 
impedance and the negative feedback makes it even 
higher—in the region of several megohms so that the only 
significant load on the source is resistor R1. The value 
shown is 47 kQ. Since this is a typical value of load resistor 
for magnetic cartridges, however, the value is not critical 
and can be changed to suit any particular requirement. It 
should not be increased much above 100 kQ as this will 
tend to introduce d.c. offset and some noise due to the 
input bias current of the amplifier. 


When S1 is in position 1 or 3 the gain of the circuit is 
about 2.8 and the frequency response is flat from d.c. to 
greater than 500 kHz. When the magnetic pick-up position 
is selected then the response closely follows the R.1.A.A. 
correction curve as shown in the plotted response, Figure 
13 of Chapter XVII. 

The output impedance of the circuit is low—less than 
200 {2—therefore the stage is relatively unaffected by 
loading and it can drive a long capacitive cable if it is used 
as a head amplifier. The stage is also very tolerant of input 
overload and will accept signals as much as 35dB above 
nominal without distorting. 
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FIGURE 29 Tone Control Stage 


Tone Control Stage 

The most commonly used tone control stages now- 
adays are feedback types such as that shown in Figure 29. 
These have the advantage that they can provide a wide 
range of boost and cut either of bass or treble frequencies 
and there is very little interaction between the two 
controls. Here again the op. amp. with its high gain, high 
input impedance and low output impedance is very suitable 
for this application. 

Potentiometer VR1 acts as a Treble control and, as 
with a normal inverting amplifier, the gain decreases as the 
wiper is taken nearer to the op. amp. output and increases 
as it is taken nearer to the signal source. Resistors R1 and 
R2 act as ‘end stops’ to ensure that the maximum values of 
gain and attenuation do not exceed the normal limits of 
approximately + 20 dB. The value of capacitor, Cl, is 
chosen such that it passes significant current only at 
frequencies above 1kHz. It therefore has negligible affect 
on the low frequency response of the stage and does not 
interact with the setting of the Bass control, VR2. The Bass 
network is similar in form to the Treble section with the 
feedback ratio being controlled by VR2 and ‘end stop’ 
resistors, R3 and R4. In this section, however, the wiper of 
VRI1 is connected to either end by two equal capacitors, C2 
and C3. At frequencies above 1 kHz their impedance is less 
than the total value of VR1 which is effectively shorted 
out. The gain is now determined by the ratio of resistors R4 
to R3 and since these are equal the gain is unity. There is a 
certain amount of interaction of the Bass circuit on the 
Treble circuit but it is minimised by the inclusion of 
resistor, R5. 

The total range of the Bass and Treble controls is 
shown in the measured frequency plot, Figure 5 of Chapter 
XVII. It is necessary to use an op. amp. which is 
compensated for unity gain in this application. Therefore 
the SN72741 is very suitable for single channel operation. 
Where stereophonic operation is required the SN72558P 
provides the two gain blocks in a single 8 pin package and 
although the two amplifiers are on a single chip the 
crosstalk between them is practically immeasurable. 
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A Volume Compressor 

All the circuits shown so far have used standard op. 
amps. and discrete components. Nowadays there are very 
many linear I.C.’s on the market for special applications. 
Two non-linear devices, the SN76020 voltage controlled 
attenuator (V.C.A.) and the SN76502 logarithmic amplifier 
have applications in the audio field. 

The F-.E.T. is frequently used as a voltage controlled 
resistor in ‘programmable’ attenuators but unless very 
carefully designed these circuits can introduce considerable 
distortion. The SN76020 merely requires one external 
decoupling capacitor and a source of control voltage to give 
over 40 dB control range. When enclosed in a feedback 
circuit as shown in Figure 30 a Level Compressor is formed 
which gives an approximately constant output level for a 
widely varying input. 

An SN72741 acts as a voltage comparator with a 
reference voltage of —36 dBV (about 15 mV) on its 
inverting input and its non-inverting input connected to the 
output of the SN76020. If the output of the V.C.A. 
exceeds —36 dBV on peaks, then capacitor C4 is charged 
positively via diode D1, rapidly increasing the attenuation 
of the circuit until the output of the V.C.A. no longer 
exceeds the reference. 

For optimum performance with minimum distortion 
the input to the V.C.A. should be in the range —10 dBV to 
—30 dBV and for this 20 dBV range the output will only 
vary by 0.3 dB. Due to diode D1 and the low input current 
by the controlling input, Pin 13 of the SN76020, the 
compressor has a fast ‘attack’ and slow ‘decay’ which is the 
normal requirement. However, the circuit is capable of 
being modified to give a more sophisticated performance if 
necessary. 
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FIGURE 30 Level Compressor 
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A Logarithmic Peak Programme Meter 

Most tape recorders and public address systems have 
some form of level meter for monitoring purposes. This 
may be a simple mean level detector with a linear amplitude 
response but a non-linear meter scale marked in dB. The 
circuit shown in Figure 31 is rather more sophisticated 
since it incorporates a logarithmic amplifier, the SN76502, 
so that the meter can have a linear dB scale. It is also peak 
reading and responds to either positive or negative peaks 
according to which are of the greater magnitude. 

The SN76502 contains four sections each of which 
has a logarithmic response over 30 dB. The four sections 
can be split into two pairs and used quite independently or 
in cascade. If they are to be used independently as in a 
stereo system then a 15 kQ resistor, R1, is connected 
externally between the two inputs on each pair. This 
provides an external attenuation of 30 dB which cascades 
the two sections in each pair so that there is a nominal 60 
dB of range in each channel. Each of the log amplifier 
channels has complementary, or push pull outputs and 
these can be used if the peak detector is required to positive 
and negative peaks. 

A key feature of the SN76502 is that it has a bipolar 
response and gives a symmetrical output for positive or 
negative input signals. It also has a bandwidth of about 40 
MHz. This facility means that the log. amp. can be inserted 
prior to the peak detectors so that the signal is compressed 
and the peak detectors have a much smaller dynamic range to 
handle. This reduces slew rate problems. The oscillogram in 
Figure 32 shows the output waveform (bottom trace) 
obtained from a sinusoidal input (top trace) of 2.2 V p-p. 
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FIGURE 32 Logarithmic Amplifier Response 


The Y and Y complementary outputs of the log. amp. 
have several volts of common mode offset and it is 
therefore necessary to couple them into the peak detector 
via capacitors C1 and C2. 

The peak detectors are based on the conventional 
circuit shown in Figure 33. In this an input is applied to the 
non-inverting terminal of an op. amp. If the input goes 
more positive than the voltage across capacitor C, then the 
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FIGURE 31 Logarithmic Peak Program Meter 
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FIGURE 33 Peak Detector 


output of the amplifier is driven very positive, the diode is 
forward-biased and the amplifier output provides sufficient 
current rapidly to charge C towards the input voltage peak. 
If the input is less positive then the diode is strongly 
reverse-biased and the capacitor stays charged for a 
reiatively long period provided the input bias current of the 
amplifier and the load current are kept to a minimum. 

In the actual circuit, Figure 31, capacitor C3 acts as 
the storage capacitor. The meter drive amplifier, OA3, acts 
as the load and an SN72307 is used here for its lower input 
current. However, instead of taking the inverting inputs of 
OA1 and OA2 directly to capacitor C3 these points are 
returned via resistors R4 and RS, to the inverting input of 
OA3. Since this amplifier has feedback around it, the 


inverting input acts as a low impedance follower of the 
voltage on C3. Therefore this supplies the reference voltage 
to OA1I and OA2 but their input currents do not discharge 
C3 directly. A further refinement is added by clamping the 
gain in the reverse direction by diodes D1 and D2. Without 
these diodes the outputs of OAl and OA2 would be driven 
into their negative saturated condition if the peak input 
voltages were less than that already across capacitor 
C3—there would consequently be a delay while the 
amplifiers came out of saturation and large positive peaks 
which would affect the performance. The diodes therefore 
provide unity gain feedback in the negative direction and 
the op. amps. cannot saturate. Resistors R4 and R5 limit 
any current flowing into the junction of resistors R6 and 
R7 to a negligible amount. 

The gain of the meter drive circuit can be adjusted to 
allow for different types of meter. The voltage gain is given 
by the standard expression (R7 + R6)/R7. The voltage is 
then attenuated again via R8 and VR1—the attenuator 
resistance values being kept quite low so that the meter is 
sufficiently damped. The P.P.M. described here will operate 
satisfactorily for inputs in the range —22 dBm to +2 dBm 
(relative to 600 (2). A wider range can be obtained but 24 
dB is probably the most that will normally be required. The 
meter is set up by inserting a steady input of -22 dBm and 
setting the zero of the meter with the offset potentiometer, 
VR2. A new signal level of +2 dBm is now inserted and the 
maximum deflection set up with variable resistor, VR1. 
This procedure is repeated several times until the 
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calibration is correct. The conformity of the SN76502 is 
within 0.5 dB and this is the typical accuracy of the 
complete P.P.M. on steady signals. The frequency response 
is within 1 dBm from 9Hz to 16 kHz. 

The oscillogram in Figure 34 indicates the difference 
in attack and decay times of the P.P.M. The bottom trace is 
an interrupted 1 kHz sine wave input signal and the upper 
trace is the voltage across capacitor C3. The peak detector 
will respond to a single pulse and the decay time is such 
that the meter returns from full scale deflection to zero in 
approximately 3 seconds. 
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FIGURE 34 PPM Attack and Decay Times 


An Audio Balun 

The differential amplifier described earlier very 
accurately responds to the difference between its two input 
signals and rejects any common mode input signal. It was 
pointed out however, that the input resistances of two 
inputs was different and variable. 

However, if the input signal is coming from a 
balanced source such as a transformer or other push-pull 
line driver, then it is possible to give the two inputs the 
same input impedance by calculating the resistance values 
as shown below: 


R1=R, (1 +2G)/(1 +G) R2=R1.G 


R3= R,,/(1 + G) R4= R3.G 


where R,_ is the required input resistance and G is the 
required closed loop gain of the amplifier. 
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FIGURE 35 Long Interval Timer 


There are numerous occasions when it is required to initiate 
or terminate a process several seconds or minutes after a 
manual switch operation. The circuit shown above provides 
accurate delays up to approximately 30 minutes with a 
minimum of circuit complexity. 


Starting with switch Sw closed a negative reference voltage 
VREF is set up at the non-inverting input of OA1 by the 
Fine Time Control, VR1. This produces a negative output 
voltage from the Op. Amp. which forward-biases diode D1 
to give a negative feedback path which maintains the in- 
verting input terminal also at VREF. The negative output 
voltage is blocked by diode D3 and the output voltage Vo is 
at ground potential. 


When the switch is opened, feedback current continues to 
flow through diode D1 and this has a constant value during 
the turning period which is 


(Vcc — VREF)/RI. 


Since the feedback current now flows through capacitor C1 
the output voltage of the Op. Amp. Va, starts to rise linearly 
in the positive direction. This action continues until it 
reaches approximately +700mV when diode D2 starts to 
conduct. The feedback through diode D1, however, con- 
tinues to supply a constant current to the timing capacitor 
Cl so Vg becomes more positive to allow for the current 
through diode D2. As capacitor C1 continues to charge, 
diode D2 rapidly takes more and more current so that there 
is a regenerative rise in the current through resistor R5 so 
that the voltage across it is no longer insignificant and diode 
D3 is forward biased giving a sudden rise in Vo of several 


volts. This can be used to provide base current for a power 
transistor or to trigger a triac. Alternatively, the output 
current is sufficient to operate some small 12V relays. 


The accuracy of the circuit depends on the linear charging 
of capacitor C1 and on the very low input current of the Op. 
Amp. For this reason a super-beta device such as the 
SN72771 is recommended since its input current is much 
less than the 300 nA which, typically, will be used to charge 
the capacitor. 


Capacitor C2 is merely an a.c. shunt which reduces the 
possibility of spurious positive feedback which may occur 
due to the high impedances and large voltage swings existing 
in the circuit. 


The delay time tg can be calculated as follows:- 


td = R1.Cl. VREF/ (Vcc — VREF) 


The diode forward voltage does not come into the equation 
since the drop across diode D1 effectively offsets the 
forward voltage of diode D2. 


Voltage Input Firing Circuit 

A voltage input firing circuit is shown in Figure 36. A 
1BO8TOS5 bridge circuit used with two 10-V zener diodes 
and 250-uF capacitors provides a fairly stable +10-V supply 
to both the sawtooth generator and firing circuit(s). The 
operational amplifier N1 acts as a conventional integrator 
giving a linear ramp voltage at its output. The maximum 
output voltage can be varied by adjusting the 300-kQ 
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resistor R2. Diode D1 isolates the base drive of transistor 
Ql from the smoothed voltage supplies and the full-wave 
rectified voltage across resistor R1 causes the transistor Q1 
to be saturated except at the cusps which occur at 100 Hz 
in synchronism with the mains voltage. During these cusps, 
which switch ‘ off’ Ql for about 10°, transistor Q2 is 
saturated, rapidly dissipating the charge in capacitor C1. 
Since the inverting input of network N1 is a good virtual 
earth’ point, its output will be clamped so that there is no 
cumulative output drift. 

As the output impedance of the operational amplifier 
N1 is very low, from this point the sawtooth waveform 
[shown in Figure 37(a)] can be used to drive a number of 
firing circuits. 

In the firing segment of the circuit, a +3-V sawtooth 
voltage is added to a 0 to —3 V control voltage at the 
inverting input (pin 2) of the operational amplifier N2. At 
the start of the sawtooth, the control voltage will drive the 
output of N2 to its positive saturated condition (V+) so 
that transistor Q3 is turned ‘off’ and there is no gate 
current to the triac. The noninverting input (pin 3) of the 
N2 is initially at zero potential. 

The sawtooth is locked to twice the mains frequency 
and, as it rises, the voltage at pin 2 will reach zero volt and 
the output of network N2 will start to become negative. 
The negative swing is returned to the noninverting (pin 3) 
input via capacitor C2, causing regeneration, and the output 
rapidly saturates to its negative limit (V—). As the output 
approaches this point, diode D2 conducts and resistor R3 
passes sufficient current to forward-bias diode D3 and 
clamp the input voltage to —Vp. Transistor Q3 turns ‘ on’ 
and its emitter current fires the triac for either polarity of 


TO FIRING 
CIRCUITS 


FIGURE 36 Voltage Input Firing Circuit 
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line voltage. The voltage at pin 3 of N2 is now approximate- 
ly -(V++V_)/2 and starts to rise exponentially towards 
zero volt. (Resistors R4 and RS keep the voltage swing 
within the maximum rating of the operational amplifier 
input terminals.) 

When the voltage at pin 3 reaches —Vp, the clamped 
potential on pin 2, the network’s output is driven regenera- 
tively to V+ again. This process repeats until the end of the 
mains half-cycle, producing a string of gate current pulses. 
The amplitude of the pulses can be adjusted by varying the 
resistor, R6. The waveforms at the input (pin 2) and output 
of the network are shown, with a particular control voltage 
input, in the top and bottom traces, respectively, of 
Figure 37(b). The waveform of the voltage across the load 
is shown in Figure 37(c). 
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FIGURE 37 Circuit Waveforms 
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The complete circuit provides a very stable firing angle 
for both half cycles of the mains voltage. This is due to the 
linearity of the sawtooth and the stability of the threshold 
in the firing circuit. None of the circuit values is critical. 

The repetitive gate pulses allow transistor Q3 to be 
replaced by a step-down transformer (~4:1), if isolation 
from neutral is required. They also help if the triac is slow 
to reach its holding current due to inductive loading. 

A power-transformer coupled load can be used due to 
the symmetry of the output waveform, thus the system 
could be used with feedback to form a high power 
stabilized supply. 

With suitable RF suppression, the system could also be 
used as a compact remote controller for stage lighting and 
similar applications, with the sawtooth generator supplying 
a dozen or more individual firing circuits. 


XV LOGARITHMIC AND EXPONENTIAL AMPLIFIERS 


by Denis Spicer and Richard Mann 


Using simple circuitry and a high performance operational 
amplifier such as the SN52/72709, it is possible to produce 
logarithmic and exponential amplifiers having good 
linearity over at least three decades. These amplifiers may 
be connected together to form power-law or multiplier 
systems. The low cost of plastic encapsulated dual 
operational amplifiers such as the SN72709DN, makes 
these systems particularly attractive. The fact that the 
systems can be made almost independent of ambient 
temperature gives them a considerable advantage when 
compared with diode function generators and other forms 
of non-linear circuit. 

This chapter describes two circuits which have log- 
arithmic and antilogarithmic or exponential characteristics 
respectively. Both circuits rely on the exponential relation- 
ship between a transistor’s collector current and its base- 
emitter voltage. In each case a transistor is used as the 
feedback element of an integrated circuit operational 
amplifier. The chapter also describes a method for producing 
an amplifier having a power-law characteristic for powers 
between 4 and 1/4. 


LOGARITHMIC AMPLIFIER 


Theory 


The basic equation for the current Ip through a 
semiconductor diode is given by: 


Ip =Ig > fexp (qv/kT)—1} 


where Is is the saturation current of the diode 
V is the forward voltage across the diode 
q is the electronic charge 
k is Boltzmann’s constant 

and T is the absolute temperature 


In practice this relationship does not hold over a very wide 
range largely due to finite resistances in the diode. 
However, by using the emitter-base diode action of a 
transistor coupled with transistor action the following 
relationship is obtained and is valid over seven or more 
decades: 


Ics =10 {exp (q VEB/kT) -1} (1) 
where Icg_ is the collector current with zero 


collector-base bias 
VEB is the emitter-base voltage 


and IQ _ is a constant, usually in the region of 
10-154 for a silicon planar transistor. 
It is constant for all transistors of a 
given type. 


For Ics 2 1nA, Equation (1) may be modified to 


Ics=1o + {exp (qVEB/KT)} (2) 


For two transistors having collector currents I¢s1 and Ics? 
the ratio of these currents is given by 


101 
Tesi E {ovens -vesovir}} ‘os (3) 


For a closely matched pair of transistors as in a dual 
transistor, VEB] = VEB2, IO1 approximates IQ? 


and 1¢S1/Ics2 = exp (qV/kT) (4) 


where for a temperature of 25°C, kT/q = 25.7 mV. 

From Equation (4) it is apparent that if Ics 2 is held 
constant, there is an exponential relationship between ICs] 
and V. Taking natural logarithms of both sides of 
Equation (4) 


kT 
V= — + loge [Icsi/Ics2] (5) 
q 


If Ics2 is held constant there is a logarithmic relationship 
between V and Ics}. By using a dual silicon-planar transis- 
tor in conjunction with high performance operational 
amplifiers Equations (4) and (5) can be realized very 
accurately. 


Practical Circuit Considerations 


The SN72709 operational amplifier’s schematic dia- 
gram is shown in Figure 1. In the package of the dual ver- 
sion, the SN72709DN, are two separate amplifier chips 
which are ‘electrically isolated except for their power 
supplies. Since the two amplifiers are not on the same 
substrate, there is no possibility of thermal coupling as in 
monolithic dual amplifiers. 
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FIGURE 1. Schematic Configuration 
of the SN72709 


The circuit of the logarithmic amplifier is shown in 
Figure 2, Operational amplifiers OA1 and OA2 are the two 
halves of a SN72709DN. The first half OA1 is used to 
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100 k R7 
-15V 
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define the collector current I¢g of transistor Q1. When 
OA1 is connected as shown in Figure 2, making the usual 
assumptions of infinite gain and negligible input current for 
the amplifier, we obtain 


Ics1 = Vin/R4 (6) 


The second amplifier OA2, is used in non-inverting config- 
uration to provide a high input impedance at the base of 
transistor Q2 and to give a voltage gain of 30. The collector 
current Iqg9 of transistor Q2, is defined by the stable 
reference voltage Vref and by resistor R3. It is assumed that 
the base voltage of Q2 which is between —30 mV and 
+400 mV is negligible compared with the Vyef and there- 
fore 


ICS2 = Vref/R3 (7) 


Since Ics; and Icg2 are now defined it is possible to 
evaluate V according to Equation (5). As the base of Q1 is 
grounded, V is also the input to OA2. The expression for 
Vout is: 


_kT (RI+R2), Vin R3 


0) O8e : (8) 
qg R2 R4 Vref 
VREF =+10V 
() 
R3 
20 k 
+415 V -15V 
() 
1/2 SN72709D0N O Vout 
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FIGURE 2, Circuit Diagram Showing Two SN72709DNs Connected as a Logarithmic Amplifier 
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In order to set the zero crossing point in the logarithmic 
amplifier a d-c offset control R6 is added to make Vo =0 
for Vin =5 V. This value of crossing point was chosen to 
enable the logarithmic amplifier to work with the exponen- 
tial amplifier described later. Therefore, for the circuit 
values given in Figure 2 and an ambient temperature of 
25°C 


Vo = —3.552 loge Vin/5 V (9) 


A further control RS, is used to compensate for the 
differential-input offset voltage Vp 0 of amplifier OA1. 
The adjustment procedure is as follows: 

Vin is set to 0, the voltage at pin 3 of OA1 is 
measured, and R5 adjusted until this voltage is 
less than 50 wV. 

Vin is set equal to Vref R4/R3 (5 V), the 
output voltage of OA2 at pin 10 measured, and 
R6 is adjusted to give zero output voltage. 


Performance Characteristics 

The d-c transfer characteristic of the logarithmic 
amplifier is shown in Figure 3. This shows that the 
amplifier has good linearity over four decades. A major 
limitation for low values of Vin is the maximum output 
voltage that can be obtained from the operational ampli- 
fiers. This output voltage is restricted to a maximum of 
+14 V under no load conditions and is less than +14 V 
when a load is applied. When the input current is of the 
same order as the input bias current of the operational 
amplifier (about 100 nA) the slope of the transfer charac- 
teristic increases as the input decreases. 

There is a considerable departure from linearity about 
Vin = 20 V where Ics] = 2 mA. Since the transistors used 
for QI and Q2 were small geometry devices, the collector 
and base bulk resistances become significant at higher 
values of collector and base current causing a departure 
from the true logarithmic law. 

Because the feedback path around amplifier OA1 is a 
grounded-base stage there is a considerable voltage gain 
between the emitter and collector of transistor Q1. Further- 
more, the impedance presented to the output of OAI by 
the emitter of Q1 will change with frequency. To reduce 
the effect of these parameters, resistor RIO is added. 
However, the frequency compensation required on the 
operational amplifier will still be more than on an amplifier 
having a non-active feedback element. The high value of the 
frequency compensation capacitors C1 and C2 limits the 
frequency response of the amplifier and more significantly, 
reduces the slew rate of the amplifier. The graph in Figure 3 
shows the response times for step inputs covering the 
decades 10 mV to 100 mV, 100 mV to 1 V and 1 V to 
10 V respectively. These times are not true rise and fall 
times, but give an indication of the approximate settling 
time of the complete logarithmic amplifier for increasing 
and decreasing decade inputs. The oscillograms in 
Figures 4,5, and 6 show the input and output waveforms 
for the three decade steps mentioned. The negative-going 
edge in Figure 4 and the negative and positive-going edges 


Vout, (VOLTS) 
tw 
—-~N WwW &A tan @ 


4 
Se 10 mV 100 mV Vv 10 Vv 100 V 
Vin, (VOLTS) 
FIGURE 3. Logarithmic Transfer Characteristic for 
the Amplifier in Figure 2 
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FIGURE 4, Oscillogram Showing Input and Output 
Waveforms for the Decade 10 mV to 100 mV 
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FIGURE 5. Oscillogram Showing Input and Output 
Waveform for the Decade 100 mV to 1 V 
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FIGURE 6. Oscillogram Showing Input and Output 
Waveform for the Decade 1 V to 10 V 
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in Figure 5 show very little overshoot indicating that the 
frequency compensation is virtually optimised. The rather 
long overshoot on the positive-going edge in Figure 4 is 
probably due to a small negative overshoot of the input 
waveform. This can easily occur at low d-c input levels and 
cause the amplifier to go into saturation since the loga- 
rithmic amplifier can handle only positive-going inputs. 
Both Figures 4 and 5 show the effects of slew rate limiting, 
but this effect is very marked in Figure 6, particularly on 
the negative-going edge of the input waveform. When the 
input voltage is 10 V the input current is 1 mA and the 
output voltage of OAI falls to a level which gives a 
collector current in Q1 of 1 mA. If Vin now suddenly drops 
to 1 V then it is impossible for the collector current of Q1 
to remain at 1 mA and because the output of OA1 cannot 
change instantaneously, a large portion of the original 
collector current is diverted into the base of Q1. Since the 
series resistance of the base is high compared with that of 
the collector an instantaneous negative-going edge occurs at 
the emitters of Q1 and Q2. This edge will appear at the 
input of OA2 since the emitter-base diode of Q2 is still 
forward biased and Voyt drops correspondingly. This effect 
is demonstrated by the oscillogram in Figure 7 which shows 
the emitter voltage of Q1 and Q2. Figure 8 is an oscillogram 
taken under the same conditions as that in Figure 7, but in 
this case the rise and fall times of the input waveform have 
been increased to 40 ps. The slew rate of the amplifier is 
not a limitation. However, it should be noted that the 
settling time of the amplifier when compared with that 
shown in Figure 6 is not different. Difficulty is likely to be 
experienced when driving another amplifier (such as the 
exponential one described later), which could go into 
saturation when a negative input of 4 or 5 V is applied. 


EXPONENTIAL AMPLIFIER 


Theory and Practical Considerations 

The circuit of the exponential amplifier is shown in 
Figure 9, This is very similar to the logarithmic circuit 
except that the collector current is now held constant in 
the feedback transistor Q3 rather than in the buffer 
transistor Q4. By analogy with Equation (4) we can write 


Ics4=Ics3 + {exp (qV/kT)} (10) 


where Icgq and Icg3 are the collector currents of 
transistors Q4 and Q3_ respectively, and where 
V=VeEB4— VEB3 = VB4— VBp3. But as the base of Q4 is 
grounded, Vpy = 0 and 


V=—Vp3= Vig * RIZ/(RI2#R13) (11) 


The non-inverting input of amplifier OA3 is taken via 
resistor R18 to the base of transistor Q3. This ensures that 
the collector-base voltage of Q3 is held at zero which is a 
condition of the basic relationship in Equation (1). The 
collector voltage of Q3 will therefore vary in proportion 
to Vin. However, it is assumed that this variation will be 
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FIGURE 7. Oscillogram Showing the Emitter 
Voltages of QI and Q2 
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FIGURE 8. Oscillogram Showing Emitter Voltages 
of Q1 and Q2 When the Rise and Fall Times of 
the Input Waveform Have Been 
Increased to 40 ys 


small compared with the 10 V supply voltage and that 
ICs3 = Vref/R15 (12) 


The current in feedback resistor R14 equals the collector 
current of transistor Q4 and the output voltage of OA4 is 
defined by 


R14 q R13 
ane i ean: a = = Vi 13 
Vo = Vref* R75 ox | kT |" R12+R13 tr) 


In general, even for matched transistors, 193 and 194 will 
not be exactly equal. When Icgq = Ics3 


193 
ee (4(Vp4—VB3)/kT ] = exp (qV/kT) 


and there is a small differential offset voltage given by 


kT 1093 


V=— log. -— 
q  “lo4 


For the dual transistor, 2N3680, V is less than 3 mV. The 
effect of Vin the exponential amplifier is to change the 
slope, (Vref R22/R15). The offset control R16, is pro- 
vided to enable the effect of V to be set to zero. This is 
done by making Vjn equal to O and adjusting R16 to give 
Vo equal to 5.0. 

The transfer characteristic of the exponential ampli- 
fier is shown in Figure 10. This characteristic has good 
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FIGURE 9. Circuit Diagram Showing Two SN72709DN Connected as an Exponential Amplifier 
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FIGURE 10. Transfer Characteristic of the 
Exponential Amplifier in Figure 9 
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linearity over more than three decades. The divergences are 
due to reasons similar to those in the logarithmic amplifier 
when the bulk resistance of transistor Q4 becomes signifi- 
cant at higher values of collector current. The divergence at 
the low-voltage end of the characteristic is due to the 
differential-input offset voltage, of amplifier OA4. 
Figures 11 to 13 show the responses of the exponential 
amplifier to input steps of 10 mV to 100 mV, 100 mV to 
1V and 1 V to 10V respectively. These show a small 
amount of ringing indicating that the frequency compensa- 
tion of amplifiers OA3 and OA4 is acceptable. Figure 11 
shows a certain amount of noise on the output waveform 
which starts to become significant at low output voltages. 
As with the logarithmic amplifier, the effects of slew rate 
limitation become apparent in Figure 13 where a large 
output voltage-swing is required. 


A POWER LAW SYSTEM 


When R13/(R12 + R13) = 1/a and (Ri + R2)/R2=b, and 
the exponential amplifier is driven from a logarithmic 
amplifier we have 


Vo. = 
Vref exp [_b/a loge(Vin* R3/R4* Vref) ]*R14/R15 (14) 
= Vref (Vint R3/R4* Vref)b/a > R14/R15 (15) 


Therefore Vo =5(Vin/5)" V 


where n=b/a 


Figure 14 shows a range of power-law curves for the 
function 


yx 


where 
111 
n=-,-, 7, 1, 2, 3 and 4 
43 2 
and where 
Vo Vi 
y= — andx= — 
5 5 


In order to obtain these powers, resistor R13 was given 
values of 119.5k, 89.5k, 29.5k, 14.5k, 9.5k, 7.0k 
respectively. 

With more than one logarithmic amplifier in conjunc- 
tion with an exponential amplifier it is possible to generate 
products such as z = xy by using the arrangement shown in 
Figure 15. 

Note that when an exponential amplifier is used in 
conjunction with one or more logarithmic amplifiers to 
form a power law or multiplier system the transistor pairs 
should be thermally connected. If this is done the output 
voltage of the circuit will no longer be a function of 
ambient temperature T. 
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FIGURE 15. Two Logarithmic Amplifiers Used 
With an Exponential Amplifier to 
Generate a Product xy 


XVI ASTEREO AMPLIFIER 


by Richard Mann 


An interesting and useful application of the operational 
amplifier, which, perhaps, would not normally occur to the 
engineer, is presented in this chapter. It is an unwritten law 
of electronics that whenever a group of them are gathered 
together then sooner or later a HiFi amplifier will be 
designed. Usually they, the amplifiers, that is, are assembled 
in such a way that even if they work well at the time they 
are quite impossible to reproduce. The design described is 
one which the average home constructor, armed with little 
more. than a soldering iron, should be able to build success- 
fully in a time which will allow him to remain on speaking 
terms with his wife. 

The features which make the operational amplifier 
ideal for an audio amplifier are: 
(1) A very high mid-band gain which allows accurate 
equalization while retaining sufficient loop gain to reduce 
distortion to very low levels. 
(2) Inherently high input impedance and low output 
impedance which make feedback networks simple to design 
and minimise the effect of loading. 
(3) Large potential output swing giving good overload 
ability. 
(4) Balanced design with d.c. coupling and very low offset 
voltages. This greatly reduces the number of electrolytic 
capacitors required in the amplifier and allows the output to 
operate without the need for manual setting up of the d.c. 
output conditions. 
(5) High supply ripple voltage rejection which means that 
the operational amplifiers will work on poorly regulated 
supplies and reduces the likelihood of low frequency 
instability, one of the most common faults in many 
amplifier designs. 
(6) Good common-mode rejection ratio of about 90dB. 
This describes the ability of the operational amplifier to see 
only the differential input and ignore voltages which are 
common to both input terminals so that spurious voltages 
appearing along a length of printed track, for example, can 
be almost totally rejected provided both inputs are referred 
to the same point on the track. 


CIRCUIT DESCRIPTION 


Choice of I.C. 


The popular “741” operational amplifier was designed 
to improve on the equally popular ‘709’ which in turn was a 
vast improvement on earlier integrated circuits which were 
essentially monolithic versions of discrete component 
designs. Although the 741 now has competitors from the 
new range of ‘superbeta’ amplifiers it is likely to remain an 


industry standard for a long time mainly because it offers 
very good all round performance at a very low price. 

The SN72748P and SN72741P are fairly typical scions 
of the 741 family. The difference between them is merely 
that the SN72741P has internal frequency compensation 
which allows 100% negative feedback to be applied without 
the circuit becoming unstable. The SN72748P requires one 
small capacitor (about 10pF) to be added externally and 
gives a higher gain-bandwidth than the 741. Physically, they 
are identical in 8 pin dual-in-line plastic packages. 

Typical parameters for the SN72748P when operated 
at +15V supplies are: 

Input resistance: 2MQ (higher with feedback). 

Output resistance: 258 (much lower with feedback). 

Gain: 200,000. 

Input offset voltage (Vio): ImV (this represents the 
matching error of the input transistors). 

Maximum output current: 15mA r.m.s. 

Maximum output voltage: 9V r.m.s. 

Input bias current (Ig): 0.080uA (this is the current 
necessary to turn on the input transistors). 

Supply ripple rejection: 20,000: 1 


Input Stage 


The complete amplifier circuit is given in Figure 1, 
but components are referred to below for only one channel. 
In the components list, items for the other channel are + 100 
(i.e. R1, R101). 


The input stage amplifies the various input signals to 

approximately SOmV, provides whatever equalization is 
required and gives the loop gain necessary for an active 
rumble filter. The feedback may look rather complex, but 
it breaks down into three parts as shown below. 
(1) At d.c. the output is returned to the inverting input 
via R (Figure 2a) which comprises R4 in parallel with RS, 
R6 or RY. 

C3 blocks the path to ground so substituting in the 


+ oo 


equation for an inverting amplifier a d.c. gain of s = 


(i.e. unity). 

Since R2 refers the +ve input to ground, the ~ve input 
will sit at a potential of Vyo (approx + 1mV) and the output 
will also take this d.c. level. This offset is so low that there 
is no need for a coupling capacitor into the next stage. 
(2) At mid band a.c. the gain of the input stage becomes 
Z + R3 

R3 
selected feedback network. 


where Z (Figure 2b) is the impedance of the 
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FIGURE 3. Classic 2nd Order, High Pass Filter. 


FIGURE 2. Input Circuit Arrangement. 
- : (3) A classic form of second order, high-pass active filter 


is shown in Figure 3. 
The amplifier is ideally a unity gain buffer. Being a 
second order filter the low frequency response tends to roll 


R4 has no effect on Z since the current through R4 is 
shunted to ground by C3. The feedback networks shown are 


designed to handle radio, magnetic pickup and auxiliary 
inputs and are discussed in more detail later. 

The input impedance of the stage is inherently very 
high (>2MQ) but is shunted by the 47kQ. resistor R2 which 
provides the damping necessary for magnetic pickups and 
supplies the minute input bias current for the operational 
amplifier. 
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off at 40dB/decade and the transitional region is a function 
of the damping factor (¢) of the filter. The effect of ¢ is shown 
in Figure 4a and has optimum cut-off without peaking when 


fR1 
c= Fine damping factor is evaluated from ¢ = R) and 


fg ie 
cut-off frequency (fo) from fo = 5° RRO eI C2 


COMPONENTS LIST 


Resistors: 

R1 R101 22kQ 5% %W R22 R122 82kQ 5% %W 
R2 R102 47kQ 5% %W R23 R123 1000 

R3 R103) 1kQ5%%W R24 R124 3302 5% '%W 


R4 R104 100k2 R25 R125 4702 5% 4W 
RS R105 1.2k25%%W R26 R126 4.7k2 

R6 R106 270kQ2 5% %4W R27 R127 4.7kQ 

R7 R107 22kQ5%%W  R2BR12BW 22 5%%W 
R8 R108 — 5% %4W 

RO R109 1.2kQ 5% 4W \ eta 

RIO R110 4.7kQ R29 R129 222 5% %*W 
RILRILL 1.8kQ R30 R130 1502 
R12R112 3.3k2 R31 R131 2202 5% %“W 
R13 R113 10k2 R32 R132 2202 5% %W 
RI4R114 33k2 R33 R133 1502 

R15 R115 3.3kQ R34 R134 220 10% SW 
R16 R116 10kQ wire wound. 
RI7R117_— 1k R35 R135 4.72 10% 4W 
R18 R118 2.2k2 R36 R136 472 

R19 R119 22kQ5%%W  —-R3T7-_———«6 B80. 10% AW 
R20 R120 22k25%%W R38 —«6802. 10% 4W 


R21 R121 680Q 5% 4W 
All resistors 10% %W high stability carbon film unless 
otherwise specified. 


Potentiometers: 

VR1 VR101 100kQ twin-gang carbon linear 
VR2 VR102 100kQ twin-gang carbon linear 
VR3 SkQ. single-gang carbon linear 
VR4 VR104 10kQ2 twin-gang carbon log 
VRS VR105 5kQ carbon preset. 


All pots have p.c. terminations e.g. AB Metals type D45. | 


Capacitors 

C1 C101 O.1uF 

C2 C102 0.1uF 

C3 C103 100uF 3V tantalum 

C4 C104 0.1uF 

CS C105 10pF 10% 30V polystyrene 
C6 C106 0.1uF 

C7 C107 3900pF 

C8 C108 0.01uF 

C9 C109 not normally required (see text) 
C10 C110 0.05uF 

C11 C111 S60pF 5% 30V polystyrene or ceramic 
C12 C112 0.05uF 

C13 C113 =: 10uF 16V tantalum 

C14 C114 1500pF 5% 30V polystyrene 
C15 C115 1000pF 5% 30V polystyrene 
C16C116 100uF 3V tantalum 

Ci7C117 10pF 10% 30V polystyrene 
C18C118 47pF 10% 30V polystyrene 
C19C119 O.1yF 


C20 1000uF 25V electrolytic Daly 

C21 1000uF 25V electrolytic Daly 

C22 3500uF 50V electrolytic Daly 

C23 3500uF SOV electrolytic Daly 

All capacitors 10% 30V polyester or mylar, unless otherwise 
specified. 

Switches: 


S14 pole 2 way 
$2 2 pole 2 way 


\ push-on—push-off 


S34 pole 3 way make-before-break rotary 
S4. 4 pole 2 way push-on—push-off 
S52 pole 2 way slide 

S6 single pole mains on-off rocker 

S1, S2 and S4 are for p.c. termination. 


Integrated Circuits & Semiconductors: 


N1 N101 
N2 N102 
N3 N103 
VTi VT101 
VT2 VT102 
VT3 VT103 
VT4 VT104 
VTS VT105 
D1 
D2 
D3 
D4 
ZD1 
ZD2 


Transformer: 


SN72748P 
SN72741P 
SN72748P 
BC182 
BC182 
BC212 
TIP42A 
TIP41A 
1N4002 
1N4002 
1N4002 
1N4002 
1S2150A 
182150A 


Tl Mains transformer primary 240V secondary 20-0-20V 
1A. (special design) Gardners SL20. 


Sockets: 


SK1 5 way DIN socket 
SK2 5S way DIN socket 
SK3 5 way DIN socket 
SK4 Speaker DIN socket 
SK5 Speaker DIN socket 


Jl 3 pole stereo jack socket 
Fuses: 
FIFI10Oi 2A = 1.2Sin. cartridge 


F2 F4 2A = 1.25in. cartridge 
F3 1A 20mm anti-surge 
Miscellaneous: 


2 off twin fuseholders (1.25in fuses); 1 off panel mounting 
20mm fuseholder. 
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RELATIVE RESPONSE dB 


FREQUENCY CO 


FIGURE 4(a). Theoretical Response of 2nd 
Order High Pass Filter for Different 
Values of § 


Since the operational amplifier has to supply a certain 
amount of gain in the equalization stage its output obviously 
does not provide a unity gain buffer. However, the inverting 
input terminal can be used for this purpose since its voltage 
exactly follows that of the non-inverting terminal. 

The characteristic of the filter is modified slightly 
because any current flowing down R1, is not shunted to 
ground via R2 and C2 as one might think, but has to flow 
through the feedback impedance Z. Nevertheless the 
response is very close to a standard filter response as shown 
in Figure 4b. 


FILTER OUT 


FILTER IN 


RELATIVE GAIN dB 


10 100 1000 
FREQUENCY H, 


FIGURE 4(b). Rumble Filter Characteristic 
(Measured) 
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Facilities for coupling the equalised input signal to an 
external tape recorder are provided by taking the output of 
N1 viaa4.7kQ. resistor R10. This series resistance allows the 
channel to be shorted externally if only a mono signal is 
required. The very low output impedance of N1 (<192) means 
that no significant crosstalk is introduced in these circum- 
stances. 


Placing the filter right at the front of the amplifier 
ensures that large inputs at sub-audio frequencies will not 
cause any intermodulation in N1. 

The bush button switch S1 removes the filter when 
the button is out and a direct connection is made to the 
selected input. 

This is permissable since the d.c. bias current to the 
operational amplifier is in the order of nano amps and 
causes no problems in the average pick-up or tape head. 


The tone control stage 


The tone control is a standard Baxandall circuit using 
an SN72741P to provide the loop gain. A fully compensated 
amplifier is necessary here since there is 100% feedback 
around the circuit in the cut position. 

The time constants of the feedback network are chosen 
so that there is negligible interaction between the bass and 
treble controls. The control range is shown in Figure S. 

The maximum levels of bass boost and cut are 
determined by the end stop resistors R13 and R16 res- 
pectively. Similarly the range of the treble control is limited 
by resistors R12 and R15 although in this case the bass 
network does have a modifying influence which adds an 
extra limiting factor. 

The transient response of the tone control with 
maximum treble boost is shown in the oscillogram, Figure 6. 
It is well damped and shows no tendency to ring. 

Two other functions are included in the tone control 
stage, the mono-stereo switch and the balance control. 

Finding the optimum position for the mono switch 
was rather a problem since it should be before the balance 
control if possible. The series resistor R11 was added so that 
the two channels could be shorted together by S2 without 
overloading the pre-amplifiers (N1, N101). However, the 
resistor is not high enough to have a significant effect on 
the tone control range with the value given. 


FIGURE 6. Transient Response of the Tone 
Control with Maximum Treble Boost. 
Scale: X 200ys/div. , Y 5V/div. 


RELATIVE GAIN dB 
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FIGURE 5. The Control Range of the Bass and Treble Circuit. 


The balance control is an active circuit giving a control 
range of +12dB for one channel relative to the other. This is 
a personal preference as there is not much point in having 
100% control range and it usually involves a waste of gain. 
However, anyone feeling strongly about it could cut out the 
relevant components and insert a dual gang pot between 
capacitor C13 and the volume control. The 1QuF capacitor 
C13, incidentally, is the only d.c. block in the forward signal 
path which accounts for the good low frequency response 
and phase shift of the amplifier. A tantalum ‘bead’ capacitor 
is used in this position partly for its small size and partly 
because they will withstand a reverse polarizing voltage of 
0.5V. Because the output voltage of N2 depends mainly on 
its input offset it could be of either polarity but its magni- 
tude will not exceed 200mV for any setting of the bass 
control (which determines the d.c. gain of the stage). A 
minor point here is that if the bass control is moved rapidly, 
a transient level shift may be heard from the loudspeaker. 
This effect can be removed by inserting a blocking capacitor 
of about 1uF between resistor R13 and the junction of 
capacitor C10 and potentiometer VR2, thereby fixing the 
d.c. gain of the stage at unity. 


The Scratch Filter 


The scratch filter is again based on a classic second 
order configuration as shown in Figure 7. This low-pass 
circuit is the dual of the high-pass circuit used for the rumble 


ips and the cut-off 


filter (Figure 3). The damping factor is C3 


ee) Lee 
frequency. ET CORI R2 


As with the rumble filter, its response is modified 


Slightly by the feedback impedance of the output stage 


which provides its loop gain. The response of the scratch 
filter is given in Figure 8 and shows that the circuit is again 
critically damped and reaches a roll off of nearly 40dB/ 
decade (12dB/octave). 


R1 R2 


C1 


FIGURE 7. The Scratch Filter — Classic 2nd. 
Order Configuration. 


FILTER OUT 


RELATIVE GAIN dB 


FILTER IN 


1 10 100 
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FIGURE 8. Scratch Filter Characteristic. 
The Output Stage 


The configuration of the output stage is almost 
identical to that of the input stage with a few extra watts 
thrown in. The midband gain of the stage is R22 + R21 and 

R21 
the reactance of capacitor C16 reduces this to unity at dic. 
so that the final offset of the power stage is only 3 or 4mV. 
This feature is of importance first because it removes the 
need for a level setting adjustment and secondly because it 
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allows ali normal loudspeakers to be connected directly 
without the need for a bulky blocking capacitor. Even a 
Quad electrostatic loudspeaker can be driven satisfactorily 
in spite of the low primary resistance of its matching 
transformer. 

The power stage is rather unusual in that it provides 
about 20dB voltage gain unlike the normal Darlington or 
other 100% feedback configuration. 

The gain is introduced by attenuating the feedback 
with resistors R31 and R28 for positive excursions and 
resistors R32 and R29 for negative excursions. Voltage gain 
is necessary because the output swing of the operational 
amplifier is limited partly by its d.c. swing capability but 
mainly by its slew rate—the maximum rate in V/us at which 
the output can change. 

The transistors used in the power stage are low cost 
plastic encapsulated types. The drivers are a complementary 
pair of Silect devices type BC182 and BC212. They have 
a continuous rating of 300mW in free air at 25°C which is 
quite adequate for driving the output transistors providing 
ballast resistors R30 and R33 are added to reduce their 
collector dissipations. 


CIRCUIT FEATURES 


Quiescent Current Setting 


This is always a knotty problem in class B or class AB 
amplifiers and is a process which frequently means instant 
death to the output transistors. The quiescent current in 
the output stage is primarily controlled by the voltage set 
up across the ‘Vpp multiplier’ transistor (VT1) The control 
range of the set up potentiometer (VRS) is limited by the 
fixed potentiometer comprising resistors R24 and R25. 
This lessens the risk of damaging the output transistors by 
accidentally setting the quiescent current at far too high a 
level. The actual value required is not very critical and 
somewhere between 10 and 40mA gives good crossover 
performance. This is partly due to the current, rather than 
voltage drive into the bases of the output transistors which 
have no shunt resistors to their emitters. Omitting these 
resistors slows down the power devices slightly but this is 
allowed for in the frequency compensation. The oscillograms 
in Figures 9a and 9b show the smooth crossover for an 
output power of 100mW r.m.s. with triangular inputs at 
1kHz and 10kHz. Normally the current should be set to 

‘20mA and this can be monitored by breaking the link 
between the emitter of each TIP42A in turn and the +25V 


supply. 


Frequency Compensation 


It is vital to have an amplifier correctly compensated 
if good transient response is expected. All too often 
designs appear to have marginal stability which causes 
problems. In this amplifier a dominant pole is placed 


in the open loop response by the 10pF capacitor, C17. 


A further pole occurs naturally in the discrete stage which 
is cancelled by a zero introduced with the phase advance 
capacitor, C18. This gives nearly 90° of phase margin to the 
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a, kHz Triangular Wave Scales: X 200us/div., 
Y 500mV/div. 


b. 10kHz Triangular Wave Scales: X 20ps/div., 
Y 500mV/div. 
FIGURE 9. Oscillograms Showing the Smooth 
Crossover for an Output Power of 
100mW r.m.s. into 8Q 


amplifier which allows it to cope quite well with highly 
capacitive loads. Figure 10 shows the transient response 
when driving 20 watts into an 8Q resistor in parallel with 
2uF—said to be equivalent to an electrostatic loudspeaker 
load. There is a small overshoot under these conditions 
since transistor parameters have an inconvenient habit of 
changing with collector current. However, the degree of 
overshoot is not enough to cause trouble. 


FIGURE 10. Transient Response Driving 20W 
into 8Q. in Parallel with 2uF. 
Scales: X 200ps/div. Y 10V/div. 


A similar oscillogram, Figure 11, shows the output 
waveform when driving a Quad electrostatic loudspeaker. 
In addition to the compensation components there is a 
dummy h.f. load (C19 and R36) which is not necessary 
when driving most loudspeakers but takes care of the output 
under nearly no-load conditions. These arise when using 
headphones or with some loudspeaker crossover systems 
which look very inductive at higher frequencies. 


FIGURE 11. Transient Response when driving 
1W into Quad Electrostatic Loudspeaker 
Scales: X 200ps/div., Y 2V/div. 


Headphone Output 


The headphone jack socket is supplied via a resistive 
attenuator to prevent the possibility of grossly overloading 
and perhaps, destroying the headphones. Low impedances 
have to be used in the attenuator in order to maintain the 
low frequency response as the reactance of the headphones 
decreases. The attenuator ratio is chosen to give a listening 
level very roughly equivalent to that through the loud- 
speakers and to be capable of driving normal low impedance 
headphones. | 


Overload Protection 


This is another brain-teaser. It is very easy to get so 
carried away with protection circuitry that it becomes as 
complex as all the rest of the amplifier put together. Simple 
methods frequently introduce distortion and do not protect 
much anyway. In this amplifier the only protection is pro- 
vided by a fuse. It gives satisfactory protection against a 
short circuit on the output line since the TIP41A and 
TIP42A have a continuous collector rating of 6 amps which 
allows an adequate margin for the 2 amp fuse (1 amp for 
15Q loads) to blow. 

One disadvantage of using a d.c. coupled output is 
that a fault in the output stage could put a large continuous 
current through the speaker. The fuse will also protect 
against gross overloads but this is, of course, rather dependent 
on the actual loudspeaker used. It is very unlikely that a 
catastrophic breakdown will occur but if belt and braces are 
required then the traditional large electrolytic could be 
inserted providing the loudspeaker is returned to the -25V 
supply line to polarise the capacitor. 


The power supply for a class B amplifier is the part 
most likely to be the subject of compromise. If size, weight 
and most of all, cost are of no consequence then a huge 
transformer and vast electrolytics will give almost perfect 
regulation. Alternatively, a regulated power supply can be 
built which cuts down on the electrolytics but adds at 
least one extra power transistor. Unless carefully designed 
they can also suffer from reactive output impedance or 
worse still instability. 


+25V 


F2 L 
O 


FIGURE 12. Circuit of the Mains Power Supply 
for the Stereo Amplifier. 


The circuit diagram of the compromise chosen is 
shown in Figure 12. For the output stage nominal +25V 
supplies are derived from an unregulated full wave circuit 
with 3500uF smoothing capacitors. The 25V rails in turn 
supply the +15V rails for the operational amplifiers. 

The 15V supplies are stabilised by a pair of low cost 
zener diodes. Accuracy is not at all important here since the 
operational amplifiers will operate equally well with supplies 
between +12V and +18V. The zeners are necessary more as 
clamps to ensure that the rail voltages do not exceed +18V, 
the maximum rating for the operational amplifiers. In 
parallel with the zeners are two 1000uF capacitors, C20 and 
C21. These may seem rather high in value but with full bass 
boost and magnetic pickup equalization, an equivalent input 
in the order of 10uV at 20Hz will produce 20W at the output. 
It is, therefore, essential to reduce ripple feedback to a 
minimum. The same reason, of course, accounts for the ease 
with which careless earthing can introduce low frequency 
instability. 

The mains transformer recommended is of rather 
unusual construction, for which the manufacturers claim 
very low stray magnetic field. 

The nominal secondary voltage is 20-0-20 at 1 amp 
continuous r.m.s. and measurements on the transformer in 
circuit showed a regulation of about 3V r.m.s. between no 
load and a continuous sine power of 20 watts into one 8Q 
load. The d.c. rails variations are as follows: 


Quiescent +32V 
20W sine into 8922 (one channel only) +23V 
16W sine into 82 

(both channels simultaneously) +17V 


It is apparent from these figures that the power supply is 
a major influence on maximum output power and distortion 
when considering continuous sine wave inputs. 
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RELATIVE GAIN dB 


Equalisation 

The input selector switch has three positions—for 
radio, magnetic pickup and an auxiliary position. The radio 
position gives a flat response to the input stage from <5Hz 
to 500 kHz and the input sensitivity is 30mV for 20 watts 
output into 892. This is probably over sensitive for some 
tuners but the amplifier has a good overload margin of some 
38dB so that even 500mV from. the tuner could be handled 
comfortably. 

The pickup equalisation characteristic is shown in 
Figure 13. In this position the overall gain of the amplifier 
is 74dB at 1kHz giving a sensitivity of 2.5mV for full output. 
Also plotted is the theoretical RIAA curve which is formed 
from three time constants—3180us, 318us and 75ys. 
Assuming that R6 is 270Q(exactly!) this gives the following 
values for R7, C7 and C8 respectively: 21.76866390kQ, 
3.730376467nF and 10.87777777nF. The values in Figure 
1 are the nearest standard values and in the prototype gave 
a maximum error of about 1dB in the audible range. 


ABSOLUTE GAIN 74 dB AT 1kHz 


01 1 10 30 
FREQUENCY kHz 


FIGURE 13. Magnetic Pickup Characteristic 


The beauty of operational amplifiers, of course, is that 
given the near-perfect component value you will get a near- 
perfect response. 

This brings up the question of crystal and ceramic 
pickups which many people will undoubtedly wish to use. 

For the cheaper cartridge giving an output of several 
hundred millivolts a high impedance attenuator such as 
shown in Figure 14 could be used. With such a high signal 
there will be little lost in signal/noise performance and the 
IMQ load will give a fairly flat output without further 
correction. This means that components R7, C7 and C8 
should be omitted and resistor R6 changed to about 10kQ2. 

Cartridges giving outputs of tens of millivolts cannot 
be treated this way as the signal would be attenuated too 
heavily since it is necessary to keep the ‘earthy’ resistance 
down to about 5kQ2 to avoid damping the rumble filter. 
The rumble filter could be omitted leaving only resistor R2 
which would be returned to pin 2 of ICI instead of ground. 
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INPUT 


FIGURE 14, Equalisation Circuitry for High 
Output Crystal/Ceramic Pickup Cartridges. 


It would then be bootstrapped so that the input impedance 
would rise to several megohms. Again components R7, C7 
and C8 would be omitted and resistor R6 reduced to 
approximately 1kQ. However it seems a pity to lose the 
rumble filter especially as ceramic cartridges are more likely 
to be used with the sort of turntables which require a rumble 
filter most. 

Therefore, the best approach is to use a low impedance 
loading circuit on the ceramic cartridge such as shown in 
Figure.15. This will give a characteristic which approximates 
to the velocity characteristic of a magnetic cartridge and the 
output level will also be similar so that the amplifier can be 
used without modification to its feedback components. 
This circuit allows some variation of the shunt capacitor to 
improve the linearity of the response and some manufacturers 
will quote the circuit values which give the best “magnetic” 
characteristic from their particular cartridge. If this approach 
is adopted the constructor can wire the attenuator quite 
neatly across the pins of the DIN pickup socket. 


INPUT OUTPUT 


22k 


10k 8-2nF 


FIGURE 15. Equalisation Circuitry for Low 
Output Crystal/Ceramic Cartridges. 


Input Impedance 


In the specification the input impedance of the 
amplifier is quoted as 47kQ at 1kHz. This nominal figure is 
modified when the rumble filter is inserted in circuit partly 
due to the shunting effect of R1 and partly to the series 
reactance of C1 and C2. This will not normally have any 
effect on a magnetic pickup cartridge but it may have some 
loading effect if a ceramic/magnetic conversion network is 
used so the variation of input impedance is plotted in 
Figure 16. 


RELATIVE GAIN dB 


200 


180 


160 


140 


120 


100 


INPUT IMPEDANCE kQQ 


80 
60 


40 


100 1000 
FREQUENCY Hz 


FIGURE 16. Variation of Input Impedance with 
Frequency (Rumble Filter in). 


Auxiliary 


The amplifier was originally designed to give an 
equalized output directly from a tape head without external 
amplifiers. For this reason the circuit shows components 
R8, R9 and C9 and the printed circuit board: is laid out to 
take these components. However, the present day tendency 
is for a separate tape unit, having internal amplifiers. If it is 
intended to use such a unit, R8 and C9 should be omitted 
and R9 reduced to approximately 1.2kQ giving a flat 
characteristic and sensitivity similar to that of the radio 
position. 


10 100 


D.1.N. 18 ips 
D.I.N. 33 ips 


D.I.N. 73 ips 
N.A.B. 74 ips 
N.A.B. 33 ips 
N.A.B. 13 ips 


Table 1 


1590 120 
3180 120 
- 70 
3180 50 
3180 90 
As for 33 ips N.A.B. 


Nevertheless many people may be interested in a 
tape head facility so Table 1 gives the appropriate values 
for a few of the standard replay characteristics. 

The overall response of the amplifier when using 
components for DIN 3% i.p.s. is shown in Figure 17. The 
sensitivity of the amplifier with this characteristic was ImV 
approx. Once more the very high loop gain of the operational 
amplifier is valuable for producing the large amount of bass 
boost which is required. 


PERFORMANCE 


Specification 


The amplifier’s specification is given in Table 2. 


Distortion 


Harmonic distortion was measured using a Radford 
Low Distortion Oscillator and a Hewlett Packard 3590A 
Wave Analyzer with a 3593A Sweeper. 

This measurement technique is far more accurate and 
gives more useful information due to the subjective nature 
of harmonic distortion. The harmonics are therefore tabu- 
lated in some detail in Table 3, along with total harmonic 
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10k 


100k 
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FIGURE 17. Tape Relay Characteristic (Direct from Head) 


167 


Table 2 


Sensitivity to give 20 watts into 8Q 
Radio 30mV 
Magnetic pickup 2:5mV 
Auxiliary (see text) 


Input impedance 47kQ 1kHz 


Tape output (low level output) 130mV via 4-7kQ un- 
affected by tone or volume controls 


Tone controls 
Treble +10 —12dB at 15kHz 
Bass +16dB at 30Hz 


Balance +8dB one channel relative to other 


Filters 
Rumble—critically damped 2nd order corner frequency 
50Hz, 12dB per octave roll-off 
Scratch—critically damped 2nd order corner frequency 
5-5kHz, 12dB per octave roll-off 


Interchannel crosstalk 
—65dB at 1kHz 
—48dB at 10kHz 


Unweighted signal-to-noise of complete amplifier with full 
amplifier bandwidth 
—60dB magnetic pickup 
—72dB radio 


Dynamic range (equalisation and tone control stages) 
+38dB before clipping (above nominal input level) 


Power Output (both channels) 
20 +20 watts into 8Q intermittent sine wave 
16 +16 watts into 8Q continuous sine wave 
15 +15 watts into 15Q continuous sine wave 


Harmonic distortion 
15 watts into 15Q 0-05% at 1kHz 
20 watts into 8. 0-09% at 1kHz 


Low level distortion 
0-16% at 1kHz 5OmW into 1502 
0-07% at 1kHz 50mW into 8Q 


intermodulation distortion—wave analyser plots are shown 
in Figures 18 and 19. 


Frequency response (16 + 16 watts into 82) 
—1dB 7Hz to 22kHz 
—3dB less than 5Hz to 35kHz 
Stability—will drive electrostatic loudspeakers 


Output impedance less than 1 milliohm 
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Table 3 


Fundamental | Power Harmonic output 
os frequency sari (dB) 
kHz 2nd = 3rd Ath 


distortion figures. The harmonics are quoted in dB below 
the fundamental. The total harmonic figures are given as a 
percentage and calculated from 


T.H.D. = V2? + ye +V,? 


where V,, V3, V4 etc are the percentage values of the 
harmonic components. 

It can be seen that the percentage T.H.D. does not 
leap up at the levels where crossover distortion would be 
apparent so the amplifier has a good clean sound. 


The amplifier is primarily designed to work into 152 
or 8Q speakers but, for interest, some distortion figures are- 
also quoted for 422 loads. 

All the measurements were made on the complete 
amplifiers so they include any distortion due to the 
preamplifier. 


The following equipment was used to obtain the measure- 
ments:- 

Low Distortion Oscillator—Radford. Wave Analyser— 
Hewlett Packard 3590A/3593A. True R.M.S. Voltmeter— 
Hewlett Packard. Function Generator—Hewlett Packard 
3300A/3305A. A.C. Digital Voltmeter—Pacific Measure- 
ments 1010. Oscilloscope—Hewlett Packard 181A. Test 
Oscillators (two)—Hewlett Packard 652A (intermodulation 
tests). X Y Recorder—Hewlett Packard 136A. 


Intermodulation Distortion 


The intermodulation products (I.P.) in an amplifier’s 
output result from non linearity of the transfer characteristic 
which causes multiplication of the components of a complex 
input waveform so that a spectrum of sum and difference 
frequencies may be produced across the entire amplifier 
bandwidth. Thus with only two sinusoidal inputs with 

frequencies A and B,I-P.s at frequencies of A + B, A — B, 
2A + B, 2A — B, A + 2B, A — 2B etc are possible. If the 
spectrum is analyzed there will also be components at 2A, 

2B, 3A, 3B which are due to harmonic distortion in the 
signal source and those harmonics produce their own I.P.s 

resulting in the general spectrum shown in Figures 18 and 19. 

However, it is fairly easy to sort out the I.P.s which 
really count. The total intermodulation distortion is cal- 
culated from: 
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FIGURE 19. Wave Analysis for Input Frequencies 


of 9kHz and 1 1kHz. 


/ 2 2 2 
LD. = viP Tt IP,” + TPs” x 100% 


~ A+B 


where I.P,, etc are the amplitudes of the intermodulation 
products,A and B are the amplitudes of the input waveforms. 

Therefore any I.P. which is 10 to 20dB below the 
major I.P. in level can virtually be ignored. 
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FIGURE 20. Test Set-Up Used for 
Measurements of Inter-Modulation Products (LP. ). 


The method of measurement was as follows: 

With the apparatus shown in Figure 20, oscillator A was 
temporarily disconnected and the level from oscillator B 
was adjusted to give 12.6 volts across the 8 load (i.e. 20 
watts). The B attenuator was then set back 3dB. This 
procedure was repeated for oscillator A alone. The two 
inputs were then mixed together and the output checked on 
the true r.m.s. meter to ensure that the power was still 20 
watts. 

The input frequencies were 900Hz and 1.1kHz in one 
case (Figure 18) and 9kHz and 11kHz in the other case 
(Figure 19). The analyzer was set to sweep from 200Hz to 
5kHz for the low frequency test and from 2kHz to 5O0kHz 
for the higher frequency test with an analyzer bandwidth of 
100Hz in each case. 

Figure 18 shows that with inputs 900Hz and 1.1kHz 
the predominant I.P.s occur at 2kHz (A + B), 2.9kHz (2A + 
B) and 3.1kHz (A + 2B). These components give a percen- 
tage I.D. of 0.19% approximately. 

At the higher frequencies it is easier to pick out I.P.s 
due to the amplifier and again it can be seen from Figure 19 
that the dominant components are at 20kHz, 29kHz and 
31kHz. The difference frequency I.P.s are also clearly seen 
at 2kHz (B - A), 4kHz (2B - 2A) etc but they are insignifi- 
cant compared with the sum products so that an I.D. figure 
of 1.0% is obtained. 

These distortions may seem rather high but the method 
of measurement was rather severe since the peak voltage 
for the combined waveform is \/2 times greater than the 
peak voltage for a pure sine input due to the beating of the 
two waves. The peak output voltage is thus 25.2 volts giving 
a peak power of 80 watts instead of 40 watts. 


169 


RELATIVE LEVEL dB 


Noise and Crosstalk 


The wave analyzer which was used for the distortion 
measurements is also a very valuable instrument for measur- 
ing noise and crosstalk since it gives more accurate and 
meaningful results. 


10 100 1k 10k 


FREQUENCY Hz 


FIGURE 21. Noise v. Frequency. 


The noise versus frequency plot shown in Figure 21 
was made with the amplifier switched to the radio input 
and the volume control turned up to nearly maximum so 
that the input sensitivity was exactly 30mV. The input was 
then grounded via 6002 and the wave analyzer was connec- 
ted across the.amplifier output. 

Between 20Hz and 1kHz an analyzer bandwidth of 
10Hz was used, necessitating an automatic sweep rate of 
1Hz/s. To avoid spending six hours or so completing the 
plot to 25kHz, the bandwidth was increased to 100Hz after 
1kHz. This allowed the sweep rate to be increased to 10Hz/s. 

The ordinate scaling of the graph is relative to the full 
output voltage (12.6V) and it can be seen that between 20Hz 
and 1kHz the mean level is approximately — 110dB. Above 
1kHz the level jumps by 10dB since noise is proportional to 


J Bandwidth (and 20 logy9 je = 10dB) 


However, the absolute noise/root cycle is still the 
same, about 38uV/\/Hz. To get a full bandwidth signal/ 
noise ratio 33dB must be added to the plotted level: 

. 20kHz 

(i.e. -20 log:o 10Hz) 

The wave analyzer allows the hum components to be 
measured separately since peaks are obvious at 50Hz and 
particularly at the odd harmonics of 50Hz indicating that 
they originate in the power supply. Adding these components 
together gives a separate figure of 75dB for the signal/hum 
ratio. 


giving a figure of -77dB. 
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To measure crosstalk versus frequency the b.f.o. out- 
put of the wave analyzer was used to provide a 30mV input 
to one channel of the amplifier. The input of the other 
channel was grounded via 600Q and the balance control 
was set to its mid-way position. The volume control was 
adjusted to give 20 watts into one load so that any extra 
coupling via the power supply would be included. The 
analyzer input was then connected to the output of the 
other channel. A continuous sweep was made between 
600Hz and 25kHz at a bandwidth of 100Hz. The ordinates 
of the plot are again relative to full output voltage giving an 
inter-channel crosstalk figure of — 65dB at 1kHz and — 48dB 
at 10kHz. 
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FIGURE 22. Interchannel Crosstalk v. Frequency. 


Power response 


The frequency response (Figure 23) of the amplifier 
was plotted with the selector switch in the flat radio position 
and with the input and gain adjusted to give a power output 
of 20 watts at 1kHz into an 8Q resistive load. The response 
is almost identical to the low level response shown in Figure 
5. This indicates that the gain of the amplifier is still 
determined by the passive feedback components in the 
circuit and is not effected by changes in the parameters of 
the transistors in the power stage. The phase advance 
capacitor C18 produces a smooth roll-off outside the audio 
band to eliminate r.f. signals from the output which could 
cause intermodulation problems with stereo multiplex 
decoders, tape oscillators and so-forth. 
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FIGURE 23. Power Response (20W into 8Q. Resistive Load). 


Setting Up 

Before switching on, resistor R24 should be turned 
down to minimum resistance. A few precautions are worth 
while: 
(1) First the obvious—check all joints and component 
positions with particular care in the output stage. 
(2) To be on the safe side temporarily replace F2 and 
F4 with 250mA fuses and turn the volume control to 
minimum and selector to Radio. 
(3) Switch SS to the loudspeaker position but do not 
connect the loudspeakers. 
(4) Check the power supply voltages. Across C22 and 
C23 there should be +32V and -32V respectively and across 
C20 and C21 there should be +15V and - 15V. These voltages 
could well vary by about 10% due to the tolerance on the 
quiescent current. Also check the output voltage at the 
collectors of VT4 and VTS which should be less than 10mV. 
(5) Then break the wire link to the emitter of VT4 and 
insert a milliameter. The variable resistance can then be 
turned up (clockwise) until the current is set to 20mA. 
This procedure is then repeated for the second channel. The 
wire links must of course be replaced when the meter is 
removed. 
(6) If all is well so far, disconnect fuse F2 and measure 
the current flowing into the output stages. This should be 
in the region of 30 to 100mA. 
(7) Assuming this checks correctly the loudspeakers can 
now be connected and a few tests made of the volume and 
tone controls. Even with the amplifier input circuit open the 
output should be completely stable at all frequencies and 
all settings of the controls. 
(8) Assuming no problems are encountered up to this 
point then it is safe to put back the 2A fuses and do some 
full power listening tests. 


NB. If elaborate testing of the amplifier is undertaken 
using mains operated equipment, care should be taken with 
the earthing arrangement. It is quite easy to introduce an 
extraneous earth loop into the system by connecting an 
oscilloscope. probe across the load and an audio generator 
across the input resulting in a proportion of the load current 
flowing through the input stage earth track on the P.C.B. 
This will not damage the board itself, but it may well 
introduce low frequency instability, causing some compo- 
nents to overheat. 


Loudspeaker Impedance 


Basically the amplifier is suitable for use with 4Q, 82 
or 15Q2 loudspeakers. If 15Q speakers are used there will be 
a reduction in the maximum continuous sine wave output 
power from 16 + 16W to 15 + 15W (see Specification, 
Table 2). However, on speech and music there is virtually 
no audible difference between 892 and 152 power outputs 
since the voltage of the unregulated power supply tends to 
risg with 1582 loads, due to the smaller peak load currents 
thereby giving a higher power capability on intermittent 
inputs. There is an added bonus in that the total harmonic 
distortion is reduced. With 15Q loads it is a good idea to 
drop the rating of fuses F1 and F10T to 1A. 

At the other end of the scale, the higher currents 
required by 482 loads do tend to push up the distortion 
(see Table 3) but not to a level which would be objection- 
able or, indeed, audible to the great majority of listeners. 
It is possible to obtain full output power (i.e. equivalent to 
8Q. loading) when using 4Q loudspeakers. It may be 
necessary to increase F1 and F101 to 3A rating, but it is 
better to leave in the 2A fuses. 
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Assembly 


A suitable p.c.b. layout is given in Figure 24. The letters 


refer to the circuit diagram in Figure 1 for switch inter- 


connections. 
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FIGURE 24. A Printed Circuit Board Layout. 
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SECTION 3. 
OPTOELECTRONICS 


XVIL_ INTRODUCTION TO OPTOELECTRONICS 


by Millis Miller 


This chapter will present semiconductor optoelectronic 
device theory tailored for the engineer/ designer who desires 
or needs to use an optoelectronic device in his system or 


- equipment. An optoelectronic device is defined as one 
which: 
1. detects and/or is responsive to ‘light’, or 
2. emits or modifies coherent or non-coherent 
‘light’, or 


3. utilises ‘light’ for its internal operation. 


Within the scope of the chapter, ‘light’ will be defined 
as radiant energy transmitted by wave motion with wave- 
lengths from about 0.3 micrometers to 30 micrometers. 
Included in this range are the visible (to the human eye) 
wavelengths 0.38um to 0.78um, and the sections of the 
ultraviolet and infrared spectrum which can be handled by 
optical techniques used for the visible region, see Figure 1. 

While man has used his eyes to sense light, and flames 
to produce light for thousands of years, it has only been 
within recent times that he has combined electrical and 
light functions. In 1839 Becquerel first observed the 
photoelectric effect when light shone on one of a pair of 
electrodes in an electrolyte. Willoughby Smith observed in 
1873 a decrease in the resistance of a selenium bar when it 
was exposed to sunlight. The filament light bulb was the 
first device to convert electrical energy into light via the 
heating of a conductor. The emission of yellow light from 
a silicon carbide crystal, when a potential of 10 volts was 
applied between two contacts, was reported in 1907 by 
Henry J. Round, and again by O. W. Lossev in 1923. These 
initial observations of sensing and generating light were 
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largely disregarded at the time because the mechanisms 
causing these phenomena were not theoretically understood. 
Also the technology to produce high-purity materials was 
not available to the early optoelectronic investigators. 
The advent of the semiconductor diode and transistor and 
their commercial exploitation gave the foundation for present 
day semiconductor optoelectronic devices. 

Early semiconductor investigators and theorists noted 
that diodes and transistors were sensitive to light and had 
to be encapsulated in opaque materials to operate properly, 
and also that some devices would emit visible light under 
certain conditions. Silicon light sensors were made 
commercially in the 1950s and by the early 1960s commer- 
cial light emitting diodes were available. Initially high 
prices limited semiconductor optoelectronic devices to 
specialised applications where no other approach was 
economic. It is only recently that improved production 
techniques ands material preparation have lowered device 
costs to the point where opto devices are now the most 
economic solution to numerous industrial and consumer 
applications, | 

Two sections are considered, i.e. Sensor and Emitters. 
(Coupled Devices are effectively just a sensor-emitter 
combination.) Each section will present the theory of 
operation, a brief description of device construction, and 
guidelines for the selection of devices types. Emphasis will 
be placed on the practical aspects of device operation 
and theory, rather than a rigorous presentation of device 
physics. The references provide a good starting point for 
further study of this emerging technology. A glossary of 
optoelectronic terms is included for those engineers who 
may not have worked with light. 
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FIGURE 1, Radiant Energy Spectrum 
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SENSORS 


Theory 

In the simplest terms a light sensor is a device which 
undergoes a reversible electrical change when exposed to 
light of the correct energy. Vacuum, gas filled and photo- 
multiplier tubes rely on photoemission wherein an electron 
is emitted when a photon, with sufficient energy, strikes 
the active surface. Semiconductor light sensors undergo an 
electrical change when an absorbed photon frees charge 
carriers within the material, thereby causing a change in its 
conductivity. In either case the light (photons) striking 
the sensor must have the proper energy spectrum to effect 
the change. The energy E of a photon is related ot its 
wavelength by: 


E = hf = he/aA 


where h is Planck’s constant, f is the frequency, A is 
the wavelength, and c is the velocity of light. The light 
incident on a light sensor must be absorbed within the 
material — if the wavelength is too long (energy low) it will 
pass completely through the material causing no change; 
on the other hand if the wavelength is too short (energy 
high) it will be absorbed at the surface and cause no 
effective conductivity change (due to the surface recom- 
bination velocity). 

To understand what happens when a photon is 
absorbed by a semiconductor material it is necessary to 
briefly review energy band gap theory. Each electron in 
orbit in an atom has a certain allowable discrete energy 
level. Values other than these specific levels are not per- 
mitted (forbidden energy levels). When atoms are bound 
together in a solid, these discrete levels become somewhat 
extended because of interaction between electrons of 
adjacent atoms; thus the levels become permitted energy 
bands. However, these permitted bands are still separated 
by forbidden bands or energy gaps where no electrons 
can exist. The two bands of interest in a semiconductor 
material, are the valence band and the conduction band 
which are separated by the forbidden gap, as shown in 
Figure 2. The valence band is the highest energy band that 
is filled by electrons. At absolute zero the valence band 
would be completely filled and there would be no free 
carriers in the conduction band (above the forbidden energy 


\ \ 
CONDUCTION BAND\ ~\ 3S 


ENERGY FORBIDDEN GAP 


/ 
VALENCE BAND ti 
Us Lie / 


INTRINSIC 


N-TYPE 
(FREE ELECTRONS IN CONDUCTION BAND) 


gap). In this case conduction would not occur because any 
electrons moving in the valence band would interchange 
with other electrons in the valence band yielding no net 
flow of charge or current. If, however, the conduction band 
is partially filled with electrons, then conduction can take 
place as electrons are moved across the forbidden gap from 
one band to another. Light, of an energy equal to or greater 
than the energy gap between the valence and conduction 
bands incident upon a semiconductor material,can force 
electrons from the valence to the conduction band and 
thereby change the conductivity. This movement of 
electrons from the valence band results in a hole in that 
band and a free electron in the conduction band. Thus, 
it is said that light generates a free hole-electron pair when 
it is absorbed (i.e. of the necessary energy to overcome the 
energy band gap of the material). In reality practical 
semiconductors are doped with impurity atoms which 
provide free electrons in the conduction band (n-type) or 
holes in the valence band (p-type). 


Photoconductors-Photoresistors 


This type of light sensor changes its conductivity 
when exposed to light. Any semiconductor material will 
exhibit this property when irradiated with light of the proper 
wavelength. The absorbed light creates hole-electron pairs 
in proportion to its intensity and thereby the electrical 
conductivity of the material increases. 

For photoconduction to occur in a semiconductor 
the following conditions must be met: 


1. Incident light must be absorbed by the active 
region — reflected light does not generate useful 
hole-electron pairs. 

2. Once generated ,the holes and/or electrons must 
have sufficient mobility and lifetime to carry 
charge to a collection region. 

3. Electrodes and a field must be provided to 
move the charge carriers within the material. 


In a practical photoconductive device there are many 
competing processes which effect the overall performance of 
the device, namely trapping, recombination and thermal 
creation of free holes or electrons. Also, absorption can 
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FIGURE 2. Energy Band Model 
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occur for photon energy less than the band gap due to 
lattice imperfections or presence of impurities. Thus a 
photoconductor functions over a range of photon energies 
rather than at one specific wavelength as might be expected. 
The spectral response curve in Figure 3, for a Cadmium Sul- 
phide CdS photoresistor, illustrates a typical response char- 
acteristic. Table | is a summary of the wavelength ranges 
for practical photoconductors. Important criteria for 
selection of photoconductors are: 

1. Sensitivity of the cell — change of resistance 
versus light intensity. Typical cells have a dark 
resistance of a SOOKQ2 decreasing to 50Q under 
room lights. 

2. Spectral response of the cell — lowering the 
temperature will reduce the band gap and thereby 
increase the cut-off wavelength (also cooling in- 
creases the dark resistance by reducing thermal 
hole-electron generation). 

3. Time constant of the cell is particularly im- 
portant if the incident light is to be chopped 
(useful when measuring low-level light so that an 
a.c. output signal can be readily amplified). 

Photoresistors come in a wide variety of shapes and 

sizes. Generally the CdS, Cadmium Selenide CdSe, Lead Sul- 
phide PbS, Lead Telluride PbTe, or Lead Selenide PbSe, is 
deposited on a substrate material and ohmic contact is then 
made to the material. These materials are then encapsulated 
in TO-18/TO-5 type metal cans with glass windows or in 
plastic housing with transparent plastic covers. The mater- 
ials used for infrared (2-25ym) detectors (Si, Ge, Indium 
Antimonite InSb, and Indium Arsenide InAs) are usually 
fabricated by standard semiconductor techniques and are 
often packaged complete with a cooling Dewar either as 
single elements or as multi-element arrays. Figure 4 shows a 
few of the available packages. 


SN ated 


Type 1 Type 2 Type 4 


80 
ae 
rv) 
” 
5 60 
a 
Ww 
oc 
Ww 
2 
F 40 
s 
Ww 
cc 

20 

3 500 900 
WAVELENGTH nm 
FIGURE 3. Spectral Response of a Cadmium Sulphide 
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Table 1. Useful Photoconductive Material 


Material 


Ap 
Cadmium Sulphide, CdS 515 — 550 
Cadmium Selenide, CdSe 
Lead Sulphide, 
Lead Telluride, 
Lead Selenide, 
Silicon, 
Germanium, 
Indium Antimonide, InSb 
Indium Arsenide, InAs 


Type 5 Type 91 


FIGURE 4. Infrared Detector Package Types 
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Photovoltaic Devices 


A photovoltaic light sensor is a pn junction device 
which generates a voltage when light is absorbed, rather than 
changing conductivity as does the photoresistor. When a semi- 
conductor material is doped p-type in one region'and n-type 
in another region the interface forms a junction barrier 
between the two regions (see Figure 5). When the junction 
is at equilibrium (no external bias) there is an excess of 
electrons in the p-type region and an excess of holes in the 
n-type region due to carrier diffusion across the barrier. 
This creates an electric field which becomes a barrier to 
further charge diffusion. 


JUNCTION 
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A) PN JUNCTION AT EQUILIBRIUM. ELECTRONS NEAR 
JUNCTION ON N SIDE DIFFUSE ACROSS TO COMBINE 
WITH HOLES CAUSING EXCESS OF ELECTRONS IN P 
REGION. AS HOLES ALSO DIFFUSE ACROSS JUNCTION 
THERE IS ALSO EXCESS OF HOLES IN N REGION. 
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B) PN JUNCTION WITH LIGHT. HOLE-ELECTRON PAIRS 
GENERATED IN OR NEAR DEPLETION REGION ARE 
SEPARATED — ELECTRONS TO N-SIDE, HOLES TO 
P-SIDE CAUSING A NET FLOW OF CURRENT IN 
FORWARD DIRECTION. 


FIGURE 5, pn Junction Model 


If a photon is absorbed within the region over which 
this field acts (variously named barrier, space-charge region, 
or depletion layer) the generated hole-electron pair will be 
separated with the electron going to the n-type region and 
the hole into the p-type region. When this charging of the 
two regions occurs there is an emf produced at the contacts 
of the device. The photons need not be absorbed only 
within the barrier, if they are absorbed in the n-region or 
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p-region then the holes or electrons produced may diffuse 
to the barrier and be collected; provided of course that they 
do not recombine or become trapped. This separation of 
charge (n-region minus, p-region positive) causes the pn 
junction to be forward biased and if no current is drawn 
by an external circuit then the open circuit voltage (VOC) 
increases until the junction is sufficiently biased to pass 
forward current proportional to the light absorbed. 
However, if an external load resistor is present then the 
generated photocurrent is divided between the external 
circuit and the internal junction shunt resistance. Figure 6 
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FIGURE 6. Photovoltaic Equivalent Circuit 


shows the equivalent circuit of a photovoltaic device where 
the external load resistor has a value Ri, when the cell is 
used in the short circuit current mode, and is infinite for 
the open circuit voltage mode. Figure 7 illustrates the 
V-I characteristics of such a cell in both modes of 
operation. For practical Si photovoltaic devices the Vog¢ at 
high intensities is 0.4-0.5V, while for the short circuited 
current mode the load line dictates best power transfer con- 
ditions. The short circuit current mode is very useful when 
linearity with light intensity is required or when the cell is 
used as a solar battery: while the open circuit voltage mode 
with its logarithmic response at high intensities make it 
useful for light meter type applications. 

While theoretically any semiconductor pn junction 
will operate as a photovoltaic device when irradiated with 
light of the correct wavelength, silicon pn junctions are of 
the greatest practical importance. Silicon has been widely 
used because of its response in the visible and near infrared 
region and the vast experience accumulated by manu- 
facturers in processing silicon diodes. Silicon pn junction 
photovoltaic power conversion efficiencies in sunlight 
approach ten percent, which is about an order of magnitude 
better than other means of conversion. For the fabrication 
of such a silicon photocell a p-type boron diffusion is 
made into n-type silicon to form the pn junction, careful 
control of doping levels and penetrations are required to 
optimise performance. If the pn junction is too deep, the 
hole-electron pairs generated near the surface will re- 
combine before they can reach the depletion layer and if 
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FIGURE 7. Voltage vs Current Plot of a Photovoltaic Device 


the junction is too shallow the lateral resistance will prevent 
efficient collection. Minority carrier lifetime must also be 
preserved throughout processing to give the carriers the 
longest possible lifetime. An opaque ohmic metallic con- 
tact is made to the n-type back surface and a grid pattern 
(maximum exposed area) ohmic contact is made to the 
p-type side where the incident light will enter. An anti- 
reflective (A/4) coating is usually applied to the p-type 
entrance surface to minimise reflection losses. 

Typical commercial silicon photovoltaic devices pro- 
vide about 0.55V open circuit and about 30mA at 0.4V 
per cm? area in normal sunlight. They are available in a 
variety of configurations from small active areas in TO-18/ 
TO-5 size units to several square cm of active area mounted 
on plastic or metal panels. The important selection criteria 
are much the same as photoresistors, i.e. 


1. Sensitivity with respect to light intensity. 

2. Spectral response — typical silicon response. 

3. Time constant if chopped operation necessary 
— this tends to be long, especially as the light is 
absorbed some distance from the space charge 
region. 


Photodiode Devices 


A photodiode light sensor, like the photovoltaic 
device, is a pn junction; but the photodiode is designed to 
operate with a reverse bias applied across the junction. It 
will be remembered that a pn junction at equilibrium has 
an excess of electrons in the p-region and an excess of 
holes ins the n-region. The application of an external 
voltage, in the direction to make the p-region more 
negative (and the n-region more positive), will increase the 
field about the junction and thereby expand the space 
charge (depletion) region by sweeping out more carriers. 
This increased depletion region further impedes the flow 
of carriers and therefore virtually no current flows across 
the barrier. In fact the resistivity of the depletion region 
may be several orders of magnitude greater than the resis- 
tivity of the semiconductor material. The width of this 
space charge region will continue to increase as the applied 
voltage is increased until breakdown of the junction occurs. 
Now if a photonis absorbed in this depletion region, thereby 
generating a hole-electron pair, the electron will be swept 
into the n-region and the hole into the p-region, thus 
causing a current to flow in the external circuit. The 
photodiode then acts as a current generator and the current 
is directly proportional to the light intensity. In such a 
device . 

trot = IL + Ip 

where I; is the load current in the light and Ip is the 
saturation (leakage) current of the diode in the dark. In 
this type of device made with silicon a typical Ip would be 
InA while I; would be 104A for a Smm7? active area at | 
normal room light. A photon absorbed in the depletion 
region or within a diffusion length of it will produce one 
hole electron pair, i.e. 100 percent efficiency. Figure 8 
shows the complete V-I characteristics of a silicon pn 
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FIGURE 8. Voltage vs Current Plot of a pn Junction as a 
Function of Light Intensity 
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junction light sensor operating both in the biased, open 
and short circuited modes, it should be noted that only the 
H = 0 (dark) curve passes through the origin and also how 
the same pn junction can function either as a voltage 
generator or current generator depending upon its external 
circuit. 

The width of the depletion region can be controlled 
by the applied reverse bias and the resistivity of the base 
silicon material (at constant bias voltage, the width is pro- 
portional to the square root of the resistivity). The wider 
the depletion region the lower the junction capacitance. 
Thus this type of light sensor can be used for high speed 
operation at high quantum efficiencies since the hole- 
electron pairs created have a high probability of being 
generated in the wide depletion region or within a short 
distance of it and the low capacitance/high field results in 
short transit times. 

Photodiodes can also be designed to take advantage 
of the avalanche multiplication factor. When the reverse 
bias applied to a pn junction very closely approaches the 
breakdown voltage then the photon created hole-electron 
pairs can acquire sufficient energy, as they are accelerated 
across the junction, to create other hole-electron pairs when 
they collide with substrate atoms; resulting in current 
multiplication. | Avalanche photodiodes have effective 
photocurrent gains of 100 or greater coupled with very low 
junction capacitance. 
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20% @ 0.63u 
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30% @ 0.94 
25% @ 1.54 
40% @ 0.9 


Photodiodes, again like photovoltaic devices, could 
theoretically be made of almost any semiconductor material 
but silicon is by far the most common with germanium 
being used for specialised diodes in the near infrared along 
with InAs, InSb, Hg:Ge, HgCdTe, for example, for the 
infrared. Silicon photodiodes are produced much as normal 
silicon diodes having a p or n type planar diffusion into 
single crystal silicon with surface passivation and metal 
contacts applied as per standard. Silicon photodiodes can 
also be made by the Schottky barrier technique where a 
metal silicon interface forms an effective pn junction at the 
surface. They are commercially available in a range of sizes 
from subminature diodes of less than 5 x 10° in? to those 
greater than | in”, offered in a wide variety of packages and 
styles. Figures 9 and 10 show packages and specifications for 
some of the photodiodes produced by Texas Instruments. 
Silicon diodes can offer speed of response in the! ns region, 
quantum efficiencies of greater than 30 percent over the 
entire visible spectrum and signal to noise ratios of 10°. 


Features 


Hermetically sealed 
glass package. 

Can be used with ac 
bias 


spectrally matches human eye 


diam, microwave package 
Si APD, Active area 0.01 in 
diam, TO-18 window can ¢ 6 
Ge APD, Active area 0.01 in 

diam, TO-18 window can 

Si APD, Active area 0,030 in 

diam, TO-5 window can 

Ge APD, Active area 0.01 in 

diam, TO-18 window can 

Si APD, Active area 0.06 in aa 
diam, TO-5 window can 


Si APD, Active area 0.01 in ~ 


active area diameter 
0.1 in. TO-5 can 


FIGURES 9 &10, Typical Photodiodes Commercially Available 
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Phototransistors and Other Multijunction Light Sensors 


As might be expected from the previous section on 
photodiodes, there is also a class of light sensors which are 
phototransistors. The phototransistor operates exactly like 
a transistor except rather than supplying an external base 
current to drive the transistor, the collector base diode is 
used as a current source. Figure 11 is the equivalent circuit 
for an npn phototransistor. Again the light generates hole- 
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NOTE: THE DIODE IS COINCIDENT WITH THE TRANSISTOR 
COLLECTOR-BASE 


FIGURE 11. Phototransistor Equivalent Circuit 


electron pairs in the collector base diode which can be con- 
sidered to be in parallel with the transistor collector-base 
although in fact they are identical and operating at the 
same reverse bias. Thus the transistor effectively multiplies 
the photodiode current by its current gain hep. 


Ic = Ip oo (1 ae hpp):1, 


Of course the dark current of the photodiode is also 
multiplied by the hpp which results in higher leakage 
currents than associated with a diode. Light absorbed in the 
forward biased emitter-base diode has no appreciable effect 
on the operation of the phototransistor. Figure 12 shows 
the Vcg Versus Ic characteristic for various light intensities 
of a typical silicon phototransistor, while Figure 13 shows 
the typical spectral response. By careful control of the life- 
time of the bulk material it is possible to affect the overall 
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FIGURE 12. Typical Silicon Phototransistor Vor vst cat 
Various Light Intensities 


spectral response — the longer lifetime enhances the long 
wavelength response, while shorter lifetimes reduce the 
overall response as well as shifting it towards the shorter 
wavelengths. The total response of a phototransistor (at 
a given wavelength and intensity) is a function of the 
collector base diode area and the hpp of the transistor. 

Other multijunction light sensors include the photo 
thyristor which is similar to a normal silicon pnpn thyristor 
except that one collector junction area is expanded to 
enable triggering by light. Photo-Darlington sensors are the 
combination of a light sensitive photo-transistor driving the 
base of another transistor to achieve a very large collector 
current for a low level light input. The photo-Darlington is 
a much slower switching device than the photo-transistor 
and the dark current of the light sensitive collector base 
diode is also multiplied by the following transistor. 

The JFET (junction field effect transistor) structure 
can be utilised to produce a photo FET light sensor. In an 
n-channel FET the drain-to-gate junction is normally reverse 
biased and therefore this pn junction can be used to generate 
a photocurrent via the basic principle of generating a hole- 
electron pair for an absorbed photon. If a resistor (Rg) is 
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FIGURE 13. Typical Spectral Response of a Silicon Phototransistor 
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SOURCE 


'b tight ~ 9m Veg = 9m Rg 'g tight 


WHERE 9m =SMALL SIGNAL COMMON-SOURCE 
FORWARD TRANSFER ADMITTANCE 


1E At,/ AVes 


FIGURE 14. Typical Photo FET Circuit 


placed in series with the gate lead, then the photocurrent 
generated in the gate-drain junction will provide a gate 
voltage which is then amplified by the device. Figure 14 
gives the basic circuit. The light sensitivity of a FET can be 
adjusted since it is directly proportional to Rg, and by 
selection it is possible to achieve an effective photo-current 
gain of 10%, or to vary the sensitivity over 6 orders of magni- 
tude. Since the light sensitivity of a FET is a function of 
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Ro: &m and leakage current (drain-to-gate) it increases at 
low temperature and decreases at high temperature, i.e. the 
opposite to a photo-transistor. 

The photo-transistors and other devices described are 
exclusively silicon and are fabricated in much the same 
manner as their non-photo counterparts. Particular atten- 
tion is, however, given to lens configurations and packaging 
techniques which enhance the optical properties. Figure 15 
illustrates some of the various photo-transistors produced 
and their electrical-optical specifications. 


Features 


Hermetic glass package 


Pill package 

Round lens 

For mounting on double-sided 
printed circuit board 


Same as LS600 except with flat 
lens for wider field of view 


Coaxial package 

Round lens 

For mounting on single-sided 
printed circuit board 


Same as T!IL609 except with flat 
lens for wider field of view 


Low cost TO-18 header 
with epoxy lens 
Operating temperature 
range — 40°C to +80°C 


2-lead plastic package. 


FIGURE 15. Typical Silicon Phototransistor Commercially Available 
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Selection Criteria 


Unfortunately there are no easy ‘rules of thumb’ 
to guide the engineer in the selection of the best light sensor 
for his particular application since not only do the electrical 
circuit parameters have to be considered as in any other 
semiconductor component but also the optical parameters 
of the device and its relationship with the light source. One 
must always bear in mind the wavelength, or more properly 
the spectral distribution, of the light to be sensed, the 
medium through which the light will pass before it enters 
the light sensor and, of course, what part the sensor will 
play in the overall circuit. Table 2 provides the general 
guidelines for a selection from which the engineer can then 
proceed to a final selection of the best solution for his 
application. 


Table 2. Light Sensor Selection Guide 


Photo-resistors Response in visible spectrum. Memory or hysteresis effect. 
Large light to dark ratio. Limited temperature range. 
Large sensitive areas available. Slow response — milliseconds. 
Zero offset voltage. 


Slow speed of response. 
Low level outputs. 


Photo-voltaic Voltage generator — no external bias required. 
Large areas available. 

Efficient conversion of solar energy. 

Very linear with respect to radiation in short 


circuit mode. 


High speed operation — 10-6 to 10°? seconds. Low level outputs. 
Good linearity with light levels and temperature. 
Low noise. 


Wide range of spectral responses visible to infrared. 


Photo-diodes 


Photo-transistors 


Limited frequency response, 500kHz. 
Non-linear with respect to light levels. 


Integral current gain, can drive TTL. 
Small sizes available for close spacing, wide variety 
of packages. 


Highly temperature sensitive. 
Poor dV/dT performance. 


Photo-thyristors 


Highest output current. 

Light used only to trigger — will remain ‘on’ 
after light removed. 

Can be used to switch high voltage with isolation. 


Photo-Darlington Long response time. 
Higher leakage current due to gain multiplication. 


Non linear with intensity and temperature. 


High current output at very low light levels. 


Photo-FET Non linear. 


Sensitivity adjustable by Re selection. 


High gain — bandwidth product Poor high temperature characteristics. 


Good low temperature operation. 
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LIGHT EMITTERS 


Theory 

A semiconductor light emitter is a pn junction device, 
which when forward biased, emits light; hence they are 
commonly called LEDs (light emitting diodes), VLEDs 
(visible light emitting diodes), solid state lamps or photo- 
luminescent diodes. Since LEDs are a pn junction diode, 
they have the normal electrical properties of any diode; 
i.e. they conduct current when electrons are injected into 
the n-region and block the flow of current when electrons 
are injected into the p-region; but they also produce light 
in an efficient manner. A LED produces light by an 
injection-recombination mechanism wherein electrons and 
holes are injected and then recombine in such a manner as 
to release energy in the form of a photon, in the broad 
sense this is opposite to the pn junction light sensor in 
which a hole-electron pair is generated by the absorption of 
a photon. Figure 16 is a pictorial representation of a pn 
junction without bias (16a) and the same junction when an 
external forward bias is applied (16b). Sufficient external 
bias reduces the step between the adjacent valence and 
conduction bands and if the bias voltage closely approxi- 
mates the energy gap then holes will flow from the p-side 
of the valence band (where they are in excess) to the n-side 
and electrons will flow from the n-side of the conduction 
band (where they are in excess) to the p-side. Since the 
holes and electrons are flowing or being injected into 
regions where they are normally in the minority this 
process is called minority carrier injection, This injection 
process creates a non-equilibrium condition which is main- 
tained by the external bias. The minority carriers must 
disappear by crossing the energy gap, where the electron 
can combine with a free hole in the valence band, and thus 
both they and the holes disappear, which is recombination 
of holes and electrons. When the excess electrons drop from 


\ASANS 


ENERGY 


CONDUCTION BAND 


FORBIDDEN GAP 


VALENCE BAND 


the conduction band to the valence band, in order to 
recombine, they release the energy which was originally 
supplied to them by the external bias source. This energy 
released by the electrons is proportional to the band gap 
energy and may be in the form of heat (phonons) or light 
(photons). If the electrons pass directly from the conduc- 
tion to the valence band and recombine this is known as 
band-to-band recombination which is the mechanism for 
light generation in direct-gap semiconductors (Gallium 
Arsenide GaAs is such a material). Here the wavelength of 
emitted light is: 


1.24 


A (microns) = be 
& 8 


where E,, is the energy gap in electron volts. In this type of 
recombination, momentum is conserved and potentially all 
of the energy is converted to photons. For direct gap 
material it is also possible to introduce impurity atoms 
which provide acceptor states just above the valence band 
and donor states just below the conduction band. Thus 
the band-to-band recombination proceeds from donor to 
acceptor at energies less than the band gap, see Figure 17. 
(Gallium Arsenide Phosphide and Gallium Aluminium 
Arsenide are materials wherein this recombination process 
takes place.) 


In an indirect gap semiconductor, whose energy band 
model is shown in Figure 18, the holes and electrons have 
different momentum and the electrons cannot make a direct 
transition across the band gap. Momentum is not con- 
served during recombination and thus thermal energy 
(phonons) is emitted or absorbed to provide overall con- 
servation of momentum. Since this type of effective 


NOTE: THE ENERGY STEP IS LESS ON B THAN ON A. 


FIGURE 16. (a) pn Junction at Zero Bias 
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(b) pn Junction Forward Biased 


CONDUCTION BAND 


PHOTON —> PHOTON 


ACCEPTOR 


FORBIDDEN GAP 


SID GIF 


VALENCE BAND 


ELECTRON 
ENERGY 
FIGURE 17. Energy Band Model 
— Direct Gap Material 
MOMENTUM 
HOLE 
ENERGY CONDUCTION BAND 


VALANCE BAND 


FIGURE 18. Energy Band Model — Indirect Gap Material 


recombination requires a three-body collision, for which 
the probability is relatively low, the indirect gap emitters 
are not as efficient as the direct gap devices. (Gallium 
Phosphide GaP is the most common example of an indirect 
gap emitter.) 

Previous discussion relates to the generation of pho- 
tons within the semiconductor material or its internal 
quantum efficiency, i.e. the ratio of the number of photons 
generated to the number of carriers injected. While this 
internal efficiency may be very high for a direct gap 
material and considerably lower for an indirect gap emitter, 
it is really the external quantum efficiency which is of 
concern to the device user (the ratio of the number of 
photons emitted from the structure to the number of 
carriers injected). The external quantum efficiency is 
primarily a function of: 

1. Internal quantum efficiency — itself a function 
of the radiative recombination process (direct or 
indirect gap, etc.) 

2. Absorption of the photon within the material 
itself. 


3. Reflection of the photon at the exit surface. 

4. _ Electrical efficiency — contact resistance, heat- 
ing, voltage drop and bulk and spreading resis- 
tance. 

5. Optical loss due to lens materials, apertures, and 
geometry of the overall package. 


The designer of a practical light emitting diode must 
take all of these factors into consideration and make com- 
promises to produce an efficient device for the intended 
application. Table 3 summarises those materials generally 
used for commercial LEDs and their respective wavelengths 
of emission and range of efficiencies. Commercial LEDs 
are presently made from GaAs, GaP or GaAsP and each will 
be discussed in turn. 


Table 3. LED Material Guide 


Approximate Typical Emission Wavelength 
Material Bandgap eV nm 
: Xp 


GaP, N doped 530 — 595 565 
GaP, Zn doped 530 — 575 553 
430 — 700 590 
630 — 660 645 


615 — 730 700 
660 — 720 690 
890 — 920 905 
890 — 980 930 


GaP, ZnO doped 
GaAlAs, red 
GaAs, Zn doped 
GaAs: Si 


Gallium Arsenide Emitters 


Gallium Arsenide is a direct gap material and due to 
its bandgap of approximately 1.37eV its emission is in the 
near infrared at 0.9um. As previously discussed the photons 
are generated by band-to-band recombination and have an 
energy very nearly that of the band gap. While this at first 
appears very desirable, at the emission wavelength corres- 
ponding to this band gap the semiconductor material has a 
high index of refraction and photons tend to be absorbed 
within the GaAs rather than leave the bulk. The photons are 
generated near the p-type region but this region is almost 
completely absorbent while the n-region only permits about 
2 percent of the photons to escape due to high absorption 
near the band edges. If the photons have a lower energy 
then the absorption is less (since they are further from the 
band edges) and they are more likely to escape. A method 
of reducing the photon energy below the band gap energy 
is to introduce donors and acceptors into the forbidden gap 
such that the recombination takes place through inter- 
mediate levels (of course generating heat) and the resultant 
photon is of an energy less than the band gap. In GaAs, 
silicon acts as both a p and n type dopant (amphoteric) 
providing both the acceptors and the donors, and is there- 
fore frequently used to produce high efficiency GaAs LEDs. 

Another very important consideration is the reflec- 
tion of the photon at the exit surface with the result that 
many generated photons are reflected back from the device 
surface into the material and never produce effective light. 
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Whenever light passes from one medium to another there is 
some critical angle (6,) of incidence outside of which the 
light will be reflected. This critical angle is related to the 
index of refraction of the two mediums (n; and n,) by: 


sinO, = ny/n2 


where n, is the index of refraction of the receiving medium 
and n, is the index of refraction of the generating medium. 
In the case of GaAs and air (nz = 3.6 and n, = | respec- 
tively) the critical angle is 16°. The fraction of light Lp 
which reaches the exit surface of the diode is given by: 


Lp = (1 - cos ,) 


and for GaAs-air this is 4 percent. There is also a portion 
of this light which is reflected (about 30 percent if no anti- 
reflective coating is used) which gives a net external quantum 
efficiency of only approximately 2.8 percent even if the 
internal efficiency is 100 percent. For higher external 
efficiency it is necessary to increase the critical angle which 
can be done by forming a hemispherical dome over the 
light emitting junction. If the dome to junction diameter 
ratio is at least as great as the ratio of nz to n, (i.e. 3.6 for 
GaAs-air) then none of the light reaching the exit surface 
will be outside of the critical angle. If the dome over the 
junction is GaAs then the improvement is about 10 times 
(the theoretical value is approximately 25 times but in- 
creased absorption within the GaAs reduces the effective- 
ness). The dome can also be made of some material, 
usually epoxy, which has an index of refraction between 
that of air and GaAs (say about 1.6) and this can give 
approximately 3 times improvement. 
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In practice GaAs LEDs are produced with the pn 
junction formed by thermal diffusion of Zinc (Zn) atoms 
(p-type) into single crystal homogenous Tellurium (Te) 
(n-type) doped substrate in either flat or GaAs hemi- 
spherically domed structures. The amphoterically (silicon) 
doped pn junction which is either a flat source or domed 
(GaAs or epoxy) is also utilised. One important difference _ 
is that GaAs:Si diodes have an order of magnitude longer 
rise and fall time. These junctions are then provided with 
ohmic metal contacts and encapsulated in packages often 
incorporating reflectors and/or lenses to further control the 
light output. Some GaAs LEDs produced, which represent 
the variety of configurations and outputs available, are 
given in Figure 19. 


Features p ff ie 


Pill package for double-sided 9 } f y — 


printed circuit board mounting 


0.0075 ins flat emitter 

0,036 ins dome emitter A 8 c D 
0.036 ins dome emitter 
0.072 ins dome emitter 
0.072 ins dome emitter 


0.072 ins dome emitter 


175 mW into 20° cone 
Available with 20° reflector 
Matched for use with 
photoemissive sensors 


Matched for use with 
photoemissive sensors 


Industrial emitter 
Stud Header 
Hermetic TO-46 
Plastic, 2 leads 


FIGURE 19. Commercially Available GaAs LEDs 
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Gallium Phosphide Emitters 

Gallium Phosphide is an indirect gap material with a 
band gap energy of approximately 2.24 eV which as expected 
emits green light of .SS5um wavelength. Additional donor- 
acceptor sites within the forbidden band can again, as in 
GaAs, alter the energy of the photon, and often produce a 
more efficient emitter. This is done in GaP by the con- 
trolled addition of nitrogen which lowers the energy gap to 
about 2.18Ev. GaP can be used to provide red light by 
doping with Zinc Oxide ZnO, which will provide deep level 
states in'the gap. The Zinc provides an acceptor level just 
above the valence band and the Oxygen a donor level con- 
siderably below the valence band; the result is an effective 
gap of about 1.8eV which corresponds to a wavelength of 
.69um (deep red). While this indirect process generates heat 
it is still quite efficient and indeed better efficiencies are 
obtained from GaP in the red rather than green at low 
current densities. 

Green GaP, while not being as efficient, does have 
the benefit of higher visual stimulation than does the red 
GaP. Figure 20 shows the eye response as a function of 
wavelength, wherein the human eye is considerably more 
responsive at .5S5um that at .69um. Therefore a green 
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FIGURE 20. Eye Response vs Wavelength 


emitter need not be as efficient as a red emitter to provide 
the same visual effect. 

GaP emitters differ from GaAs emitters in another 
significant manner. GaP material is largely transparent to 
red light while much less so to green. Thus the photons 
generated near the pn junction can travel through the 
adjacent p and n material with very little absorption and 
exit from the device at all faces. The consideration of 
6, (critical angles) still holds true and steps are taken to 
provide a dome-like structure. Due to the transparency of 
red emitting GaP a reflector is generally used to collect the 
side radiation and re-direct it towards the viewer and the 
ohmic contact area is reduced as much as possible to reduce 
reflections. 


Gallium Arsenide Phosphide Emitters 


Gallium Arsenide Phosphide LEDs are an example of 
homogenous mixed crystal devices. In this type of material 
GaP (an indirect gap material) is mixed with GaAs (a direct 
gap material) to produce a composite crystal which when 
formed in a pn junction emits light of a wavelength be- 
tween the 55um of GaP and the .9um of GaAs. Figure 21 
shows the relationship between the wavelength of emission 
and alloy composition. Ga As;-xPx is a direct gap when x is 
< 0.45. Above this value it becomes indirect and the 
efficiency rapidly decreases. At the crossover point the 
band gap is approximately 1.96eV which corresponds to 
.63um wavelength. Increasing the phosphorous concentra- 
tion of GaAsP would at first seem to be a convenient method 
of obtaining green and red light or intermediate colours from 
the same material. However, the efficiency becomes very 
low and the junction current saturation makes it impractical 
to build a workable device below about .6um wavelength. 

GaAsP light emitters are commercially fabricated 
from n-type GaAsP epitaxial deposited on a GaAs substrate 
and then the pn junction is formed by the thermal diffusion 
of Zn. Normally the pn junction is formed via the planar 
process, but mesa junctions have also been used (especially 
for laser diodes). Metallic ohmic contacts are provided 
to both sides of the junction with the n-side (GaAs sub- 
strate) typically completely covered by contact and the 
p-side having a contact pattern optimised for maximum 
current distribution with minimum masking of the emitting 
area. The chip itself takes the form of a small square for 
discrete LEDs or a long rectangle for use in numeric 
displays. Packaging is similar to that used in other emitters 
with particular attention to the visual requirements. Figure 
22 illustrates a few of the GaAsP emitters produced both 
as discrete emitters. 
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FIGURE 21. Emission Wavelength vs GaAsP Composition 
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Features a e o 
TO-18-clear lens ; 
TO-18-red lens 
Coaxial package-clear lens Py ‘ 
Coaxial package-red lens c 
TIL63 header-clear lens gE 


TIL63 header-red lens 


All plastic-red 


All plastic-red large 


FIGURE 22. Commercially Available GaAsP VLEDs 


Other Emitters 


No mention has been made of the Group II-IV light 
emitters nor of the mixture of these compounds with 
Group IIIl-V. The major problem with Group [I-IV 
materials is the lack of technology to form pn junctions and 
prepare the materials in a commercial fashion. Once this 
technology is developed there will be a variety of new 
devices covering more of the spectrum. Also some mention 
should be made of the imminent GaP bi-colour device. If 
GaP is carefully doped with both Nitrogen N, and ZnO it is 
possible to produce a pn junction device which will e:nit red 
light at the lower current densities and green light when 
the current density is increased. Another method of pro- 
ducing other colours of light is by exciting phosphors with 
GaAs emitters which can then produce red, green or blue 
light, depending on the type of phosphor used. This section 
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would not be complete without mentioning the paper by 
A.A. Bergh and P.J. Dean which is undoubtedly the most 
complete treatment of light emitting diodes? 


GLOSSARY 


Brightness 


The luminous intensity of a surface in a given direc- 
tion per unit of projected area of the surface as viewed from 
that direction. 


Typical Units: fL, cd/ft?, cd/m?. 1fL = (1/7) 


cd/ft? = 3.4263 cd/m? 


Colour Temperature 


The temperature of a blackbody whose radiation has 
the same visible colour as that of a given non-blackbody 
radiator. 


Typical Unit: K (formerly °K). 


Conversion Efficiency (of a Photoemissive Device) 


The ratio of maximum available luminous or radiant 
flux output to total input power. 


Dark Current (Ip) 


The current that flows through a photosensitive 
device in the dark condition. It is the same as leakage 
current. 


Note: The dark condition is attained when the 
electrical parameter under consideration approaches a value 
which cannot be altered by further irradiation shielding. 


D-C Transfer Ratio (of an Optically Coupled Isolator) 


The ratio of the dc output current to the dc input 
current, 


Electroluminescence 
The direct conversion of electrical energy into light. 


Emission Beam Angle Between Half-Power Points (9)p) 


The angle centred on the optical axis of a light- 
emitting diode within which the relative radiant power 
output or photon intensity is not less than half of the 
maximum output or intensity. 


Forward V oltage (V 5) 


The voltage across a semiconductor diode associated 
with the flow of forward current. The p-region is at a 
positive potential with respect to the n-region. 


Hole-Electron Pair 


A positive (hole) and negative (electron) charge carrier 
considered together as an entity. 


Illumination (E,) 
The luminous flux density incident on a surface; the 
ratio of flux to area of illuminated surface. 


Typical Units: \m/ft? , 1x =| lm/m? 
1 lm/ft? = 10.764 Ix. 


Infrared Emission 


Radiant energy which is characterised by wavelengths 
longer than visible red, viz 0.78um to 100um. 


Infrared Light-Emitting Diode 

An optoelectronic device containing a semiconductor 
p-n junction which emits radiant energy in the 0.78um to 
100m wavelength region when forward-biased. 


Irradiance (H or E,) 


The radiant flux density incident on a surface; the 
ratio of flux to area of irradiated surface. 


Typical Units: W/ft? ,W/m?. 1W/ft? = 10.764 W/m? 


Light Current (I, ) 

The current that flows through a photosensitive 
device, such as a phototransistor or a photodiode, when it 
is exposed to illumination or irradiance. 


Luminance (L) (Photometric Brightness) 
See Brightness. 


Luminous Flux (®,) 
The time rate of flow of light. 


Typical Unit: \m 


Note: Luminous flux is related to radiant flux by the 
eye-response curve of the International Commission on 
Illumination (CIE). At the peak response (A = 555nm), 
1W = 680 Im. 


Luminous Intensity (I,) 


Luminous flux per unit 
tion. 


solid angle in a given direc- 


Typical Unit: cd. 1cd = 1 lm/sr 


Off-State Collector Current (of an Optically Coupled 
Isolator) Uc(otty) 
The output current when the input current is zero. 


On-State Collector Current (of an Optically Coupled 
Isolator) (c(ony) 


The output current when the input current is above a 
threshold level. 


Note: An increase in the input current will usually 
result in a corresponding increase in the on-state collector 
current. 


Optical Axis 
A line about which the radiant-energy pattern is 
centred; usually perpendicular to the active area. 
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Photocurrent Gain (of an Avalanche Photodiode) 


The ratio of photocurrent at high bias voltage to that 
at low bias voltage. 


Photometric Axis 


The direction from the source of radiant energy in 
which the measurement of photometric parameters is 
performed. 


Photometric Brightness 
See Brightness. 


Photon 


A quantum (the smallest possible unit) of radiant 
energy; a photon carries a quantity of energy equal to 
Planck’s constant times the frequency. 


Quantum Efficiency (of a Photosensitive Device) 


The ratio of the number of carriers generated to the 
number of photons incident upon the active region. 


Radiant Flux (®,) 
The time rate of flow of radiant energy. 


Typical Unit: W 


Radiant Pulse Fall Time (t,) 

The time required for a photometric quantity to 
change from 90 percent to 10 percent of its peak value for 
a step change in electrical input. 


Radiant Pulse Rise Time (t,) 

The time required for a photometric quantity to 
change from 10 percent to 90 percent of its peak value for 
a step change in electrical input. 


Responsitivity (N, R,,) 

The quotient of the rms value of the fundamental 
component of the electrical output of the detector to the 
rms value of the fundamental component of the input 
radiation power density when the radiation is incident 
normally on the detector surface. 


Typical Units: V[W, A/W 


Spectral Bandwidth (between Half-Power Points) (B) 

The wavelength interval in which a photometric or 
radiometric spectral quantity is not less than half of its 
maximum value. 


Spectral Output (of a Light-Emitting Diode) 
A description of the radiant-energy or light-emission 
characteristic versus wavelength. 


Note: This information is usually given by stating 


the wavelength at peak emission and the bandwidth between 
half-power points or by means of a curve. 
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Visible Emission, V isible Light 
Radiation which is characterised by wavelengths of 
about 0.38um to 0.78ym. 


Wavelength at Peak Emission (Ap) 


The wavelength at which the power output from a 
light-emitting diode is maximum. 


Typical Units: A, um, nm. 1A = 10% ym=0.1nm. 
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XVII! APPLICATIONS OF OPTOELECTRONICS 


by Bob Parsons and David A Bonham 


A broad range of optoelectronic devices is applied in this 
chapter—sensors and emitters, both visible and infrared, 
couplers, and numeric displays. 

The sensors specifically mentioned are the TIL78 and 
the TIL63 family of phototransistors. Their characteristics 
are explained and some examples of their application are 
given. However other phototransistors could be used, dif- 
ferences mainly being in sensitivity and/or packaging. 
TIL81 has, as well as high sensitivity, a connection to the 
base. This can be used for biasing the transistor, etc. 

The emitters for infrared and for visible light are 
examined along with typical circuit configurations. 

Couplers come in two basic forms. In the first the 
emitter and sensor are aligned’ and sealed in the same 
package. Here the object is to produce. a network in which 
the input and the output are isolated from each other but 
the coupling is fixed. Isolation of 2.5kV and more can be 
obtained, although most data sheets specify 1.5kV. 

The second form of coupler is an emitter and sensor 
mounted on an assembly so that they are aligned. The light 
coupling however can be interrupted or modified by an 
opaque or translucent object passing between the emitter 
and sensor. 

The Numeric Displays discussed are all light emitting 
diodes arranged as seven segment digits. There are dif- 
ferences in complexity of the rest of the package however. 
The TIL302 is just a solid state seven segment character 
display. It may be driven by an external decoder such as the 
SN7447 Integrated Circuit. The TIL308, as well as having 
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the seven segment character, contains a decoder and a latch 
all within the same package. Thus a Binary Coded Decimal 
(BCD) code, when set into the latch, will display the 
appropriate digit. The TIL306 is one stage further advanced 
in that it also includes within the package a decade counter. 
In both the TIL306 and 308 the decoders have the usual 
facilities of ‘blanking’, and ‘ripple blanking’ as with the 
SN7447. 

In order to facilitate the selection of suitable pro- 
ducts for a particular application the spectral characteristics 
of the various types of devices are shown in Figure 1. These 
are also compared with a tungsten lamp and the response of 
the human eye. 


SENSORS 


General 

The most common semiconductor sensers are photo- 
transistors and photodiodes. Applications include industrial 
counting, tape and card readers, velocity indication, optical 
encoders and communication links. 

The TIL63 series are packaged such that accurate 
mechanical alignment can be easily obtained. They are 
grouped into 5 gain bands. This allows device selection for 
linear applications where the difference between two light 
levels, such as would be obtained from semi opaque objects, 
is being detected. The TIL78 is packaged with an integral 
lens, giving a narrower acceptance angle than the TIL63 
series. See Figures 2a and 2b. 
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FIGURE 1. Relative Spectral Characteristics 
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Z és As was seen in Figure 1 phototransistors have the 
9 peak of their sensitivity in the infrared region although they 
0 = do have some response to daylight. The Wratten 88A filter 
Bo" 60" 40” 20° 0° 20° 40° 60° 80° limits the cell response to infrared removing ambient 
ANGULAR DISPLACEMENT daylight. Filter transmission at 0.95 ym is approximately 
88%. 
If the lamp is focused with a 50mm f.2 lens then the 
10 above distances may be increased to 150 cm for the same 
i relay current values. . 
2 0.8 
ei z p Light Controlled Oscillator 
Seni a, 2 Frequency range 1000:1. With component values as 
5 & shown in Figure 4 the range is 50 Hz to 50 kHz for 0.02 to 
a 04 20 mW cm-—? of radiant energy. (Unfiltered tungsten lamp 
Z se operating at a colour temperature of 2870°K). 
9 ! The photo transistor acts as a current generator 
‘ whose current is proportional to light intensity. The 
goo 60300 P operational amplifier is arranged as a high input impedance 


ANGULAR DISPLACEMENT Schmitt trigger, whose hysteresis is determined by output 

swing (approximately + Vcc) and the ratio of the feedback 

FIGURE 2. Normalized Light Current v Angular Displacement resistors. The diode bridge allows bi-directional feedback 
current to flow whilst maintaining correct voltage polarity 


Figure 2b shows that the TIL63 series is non critical across the photo-transistor. 


with respect to axial alignment and ideally suited for use 


for external lenses can be eliminated in the majority of 
applications. 

The following simple practical circuits indicate what 
can be achieved with a minimum number of components. 


Light Operated Relay 


Figure 3 shows how a relay can be controlled by a 
lamp. A low cost transistor is used to increase the 
sensitivity and range. This has the advantages over a lens of 
not requiring mounting or aligning and of not getting dirty. 
Table 1 shows the relay current obtained with various lamp 
voltages and distances. 
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with external lenses. By using a single transistor the need 
SN72748P 
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sce oy 
FIGURE 4. Oscillator using Phototransistor 
FIGURE 3. Relay Switched by a Lamp in Diode Bridge Feedback 
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Receiver for Optical Communications Link 


A simple circuit that will give high gain and tolerance 
to high levels of ambient illumination can be produced, as 
shown in Figure 5, by using operational amplifier tech- 
niques. 

The operational amplifier operates in the ‘virtual 
earth’ mode giving a very low impedance at the inverting 
input. If the reactance of capacitor C, at the signal 
frequency, is low compared to load resistor R, then the 
signal component of the diode current will flow through 
the feedback resistor RF, producing an output voltage of 
IpRF. 

The phototransistor can be prevented from saturating 
under high levels of ambient illumination by suitable choice 
of load resistor R. 

Such a system has operated over a distance of 16m 
with a TIL32—TIL78 transmitter receiver pair with a signal 
to noise ratio in excess of 40 dB. 
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FIGURE 5. Optical Receiver 


Slave Cell for Operating Electronic Flash 


There are many instances in photography when it is 
necessary to use more than one electronic flash unit. 
Usually this involves long cables interconnecting the units. 
The circuit shown in Figure 6 enables several remote flash 
units to be triggered by a single flash unit, without the need 
for cables. 

The circuit obtains power from the flash unit to 
which it is connected. In many cases a voltage of 200V or 
more is present across the trigger socket. This supply has an 
impedance of several megaohms, and in normal use is 
shorted by the shutter contacts to fire the flash. The 
voltage is divided down to give a suitable collector voltage 
(20V) for the TIL65 photo transistor. This supply has a low 
dynamic impedance due to the 0.1 uF decoupling capac- 
itor. When the mainflash fires, this capacitor is discharged 
through the TIL65 and gate cathode junction of the TIC47 


TRIGGER SOCKET OF FLASH GUN 


FIGURE 6. Remote Flash Triggering Circuit 


thyristor. The thyristor, which is connected directly across 
the trigger terminals of the gun, fires triggering the flash. 


Window Detector 


For many applications it is necessary to determine if 
the transmission of an object lies between two preset levels. 
An example being counting of opaque and translucent 
bottles which may occur in random order. A suitable circuit 
is shown in Figure 7. It comprises two Schmitt triggers 
whose triggering levels can be independently adjusted. Their 
input signals are derived from a photo transistor and its 
associated load resistor. The outputs of the two amplifiers 
are resistively ORed together to give the exclusive OR 
function. A single transistor inverter converts this to voltage 
levels suitable for driving TTL. Schmitt triggers are used to 
give a positive change when the input is near either of the 
edges of the window. 
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FIGURE 7. Window Detector 
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VISIBLE EMITTERS 


General 


Solid state light sources, both visible and infrared, 
have the following advantages compared with incandescent 
sources. 


Vibration resistant. 

No surge current. 

Highly visible (bright). (VLEDs). 

Efficient—low current. 

Low heat generation, may be used in explosive 
atmospheres. 

6. Low voltage—long life. 

7. Fast response time. 


MPWdH 


Uses. 
1. Panel displays. (VLEDs). 
2. Logic and fault indicators (VLEDs). 
3. Calibration of optical systems. 
4. Alpha numeric displays (VLEDs). 
5. Film marking and identification. 
6. Toys. 

Logic Indicators 


Visible light emitting diodes (VLEDs) are ideally 
suited for use as system logic state indicators. Since power 
requirements are minimal they may be easily interfaced 
with standard logic elements (TTL, DTL) with the mini- 
mum of components. 

Figure 8 shows how TTL may drive VLEDs with no 
external components. The circuit is inverting i.e. when the 
gate input is at a logical zero the lamp is on. Figure 9 shows 
the VLED diode forward characteristic and the gate output 
characteristic, when in the logical 1 stage, plotted on the 
same graph. The intersection of the two characteristics gives 
the diode current. In the example this is 17 mA. This 
circuit does not allow ‘fan out’ to other TTL devices. 

Figure 10 shows a circuit that is non inverting and 
with suitable choice of resistor value, fan out to other TTL 
circuits can be obtained. 

If no fan out is required then the diode current can 
be equal to the sink current of the gate, 16 mA for standard 
TTL. At this current level the diode is easily visible from 6 
metres in normal ambient lighting. In this case R may be 
calculated from:- 


Va, 


cc out Ores Ve 


Ip 


= 3 
= (5-04-1.6).10? o 
16 


= 1800 
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FIGURE 8. TTL-Driven VLED 
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FIGURE 9. Superimposed TTL and Diode Characteristics 
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FIGURE 10. TTL-Driven VLED with Possible Fan-Out 


Table 2 gives values for R for other values of diode 
current and fan out to standard TTL inputs. 


Table 2 


Ip mA 


RkQQ 


Fan-Out 


It should be noted that the TIL209 is easily visible 
under average daylight illumination with Ip = 10mA. 
Increasing the forward current beyond 20mA gives very 
little increase in visible brightness. The relationship between 
light output and forward current is nearly linear. Since the 
eye response is logarithmic an indication of variation of 
visual brightness against forward current can be obtained by 


CASE TEMPERATURE = 25°C 
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FIGURE 11. Luminance v Forward Current 
for a Typical VLED 


plotting log luminance against forward current as shown in 
figure 11. 

If a high current buffer such as the SN7440N or 
SN7437N is used then 48mA of current is available to drive 
the diode. 

Table 3 may be used to determine the series resistar 
R and fan out for a given diode current Ip. 


Table 3 
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A Temperature Stable Light Source 


Both the luminance and diode forward voltage of an 
LED change with temperature. The luminance also changes 
with forward current. It is possible, by driving the LED 
from a suitable source impedance to make these factors 
cancel and to obtain an output which is independent of 
temperature. 

The following calculations show what value of series 
resistor is needed with the TIL209. The curves in Figure 12 
and Figure 13 may be expressed by the following equa- 
tions. 


Pout/Po5 = 0.56 Ip — 0.026 and 


: -0.0091T 
PoutlPo5 = 1.26 € 


where P5, is the radiant pawer at 25°C 
Ip is the forward current in mA, 


and _ T is the temperature in degrees C. 
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FIGURE 12. Power v Temperature for TIL209 
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FIGURE 13. Luminance v Current for TIL 209 


The temperature coefficient of forward voltage VF is 
approximately —5.4mV/deg.C. There is a particular value of 
series limiting resistor that will stablise diode output. As the 
VF drops with increasing temperature, IF increases and 
compensates for the fall in diode output. For the TIL209 
the value of this resistor is 372 at 25°C. 


ALPHA NUMERIC DISPLAYS 


Character Generation and Display 

The TIL209 visible emitter may be used in alpha 
numeric displays. A typical applicationis shown in Figure 
14 where the diodes form a 5S x 7 character matrix. The 6 
bit character address is applied to a TMS2501NC, 2560 bit 
read only memory to select any one of 64 characters. The 5 
column memory outputs drive the matrix via SN74H11 
gates. Row strobing is achieved by a SN74145N ten line 
decoder. The decoder address and ROM row select inputs 
are driven from a SN7493N binary counter. 

Each diode operates with a peak forward current of 
35mA and a duty cycle of 12%. The visual brightness is 
considerably higher than what would be expected from a 
mean diode current of 3mA. This is due to the eye 
responding to the peak rather than the mean diode 
emission. If a smaller sized character will suffice then a 
single TIL305 display could be used instead of the thirty 
five TIL209s, 
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FIGURE 14. Character Generation and Display 


OPTICALLY COUPLED ISOLATORS 


General 

An optical coupler consists of a gallium arsenide 
infrared emitting diode and a silicon photo transistor 
mounted in close proximity, i.e. optically coupled, but 
electrically isolated from each other, see Figure 15. 
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FIGURE 15. Optical Coupler 


Optical couplers have the following advantages: 


1. Excellent isolation, —10'!Q in parallel with 1 
pF at + 1.5kV. 

Good linearity between input and output 
current. 

Compatible with transistor and logic circuits. 
High speed. 

Long life. 

Vibration resistant. 

High current transfer ratio. 


= 
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They have two modes of operation, switching and 
linear. 
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Switching mode 

In this mode the. photo transistor operates under 
saturated conditions and switches between saturation and 
the off state. 

In many industrial applications of digital equipment 
it is necessary to interface between sensors (such as 
micro-switches) that are situated in electrically noisy 
environments, and the digital control equipment. The 
circuit shown in Figure 16 enables this to be carried out 
without injecting ground noise into the equipment. 
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360 TTL 
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FIGURE 16. Switch Input with Noise Pickup Isolated 


!g =0 
77 TA = 25°C 
77 See Note 6 


1c—Collector Current—mA 


VcE—Collector-Emitter Voltage—V 


FIGURE 17. Collector Current v Voltage of TIL111 


The characteristics of the TIL111 opto coupler are 
shown in Figure 17. Its collector emitter saturation voltage 
is less than 400mV (typically 250mV) at Ic = 2mA fora 
diode forward current of 16mA. This condition guarantees 
compatibility with standard TTL. For interfacing with low 
power TTL the TIL112 may be used. 

The TIL111 may be used to couple signals between 
TTL systems where a large ground-voltage differential exists 
between systems. This is shown in Figure 18. Here the 
diode current is limited to 16mA, the maximum sink 
capability of the SN7405N. Typical maximum data rates 
would be 150 kHz with the circuit as shown. For faster 
rates the photo transistor must be prevented from saturat- 
ing by clamping the base collector junction of the photo- 
transistor, as given in Figure 19. The phototransistor will no 
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FIGURE 18. Isolation of Two TTL System Grounds 
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FIGURE 19. Circuit for Improved Data Rate 


longer saturate and interface correctly with TTL. It will 
interface with a line receiver, whose output is compatible 
with TTL and operate up to approximately 500kHz. The 
TIL112 would also be satisfactory for use in this circuit. 


Switching Bipolar Signals: In order to obtain bi- 
directional current flow two couplers can be mounted back 
to back as shown in Figure 20. The maximum voltage that 
can be applied in the ‘off? state is limited to 7V by the 
reverse base emitter diode breakdown of the photo- 
transistors. 

An array of cells, as in Figure 20, can be arranged in 
an X—Y matrix to form a cross-point exchange, Figure 21. 
The cross point. matrix allows bidirectional signal flow 
between any selected X line and any selected Y line. The 
line selection is carried out by means of SN7442N four to 
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FIGURE 20. Diodes in Series — Transistors in Parallel 
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FIGURE 21. Switching of Isolated Loads 


ten line decoders. SN7405 invertors allow one out of the 
ten X lines to source diode current. This current is then 
sunk by the selected Y line. For a diode forward current of 
16mA the signal current may typically be + 7mA (TIL111). 
Figure 22 shows the signal current path in detail. 
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FIGURE 22. Two of the Matrix Nodes 
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FIGURE 23. Collector Current v Input Diode 
Forward Current 


Linear Mode 


In this mode the linear relationship between diode 
forward current and phototransistor collector current is 
used. Typical transfer curves for the TIL111, TIL112 and 
TIXL113 are shown in Figure 23. 

The devices are ideally suited for transferring 
analogue signals representing for example, voltage and 
current, from high voltage circuits to low level control 
circuits. A typical application is shown in Figure 24. In this 
Switching Mode Power Supply it is necessary to control the 
pulse width modulator from the output of the error 
amplifier. A coupler provides isolation between these 
circuit elements. The isolation is required since the emitters 
of the switching transistors are alternately switched 
between line and neutral by the input diode bridge. 
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FIGURE 24. Switching Mode Power Supply 


In many applications system ‘linearity can be 
improved by a secondary feedback loop utilising a separate 
coupler with similar characteristics to that employed in the 
main loop. 

Another method is to bias the phototransistor with 
external base drive until its quiescent collector current 
is comparitively high when compared with that caused by 
the signal. 


OPTICALLY COUPLED MODULES 


General 


An optically coupled module consists of a transmitter 
sensor pair mounted in close proximity. Such a device, the 
SDA20 is shown in Figure 25. There are other modules 
physically more complex containing multi-element arrays, 
but all have the same basic electrical characteristics. 

The. devices have several advantages compared with 
filament lamp/phototransistor arrangements. 


Low power requirements for emitter. 
Mechanically prealigned. 

Narrow well defined IR beam. 

Very long emitter life. 

No filament sag. 

Vibration resistant. 

Small size. 

Can be modulated and switched. 


The SDA20 series are classified into 3 types. SDA20, 
SDA20/1 and SDA20/2. The SDA20/1 is guaranteed to 
interface with low power TTL and the SDA20/2 with 
normal TTL. The SDA20 is intended for use where an 
additional single stage amplifier can be used, e.g. to replace 
the lamp and phototransistor in Figure 3. 


SO ae a es 


sensor emitter Emitter board marked E 


ea ie 


0,089" + .002 
DIA ,000 


Lens side Lens side 
Emitter (Cathode) 
(Negative) 


FIGURE 25. Drawing of SDA/20 


Tachometer Circuit 


A typical application of the SDA20/1, in conjunction 
with a tachometer, is shown in Figure 26. Here the 
phototransistor of the SDA20/1 feeds directly into the 
SN76810P monostable/tacho. The 100kQ emitter load 
satisfies the low level input conditions of the SN76810P. 
Resistor R defines the SDA20/1 diode current of 35mA for 
a particular supply voltage Vec.For Vec = 12V its value 
should be 2902. 


SDA20/1 
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FIGURE 26. SDA/20 as Input to Rev Counter 


INFRARED SOURCES 


General 


As stated in the previous chapter these devices are 
commonly Gallium Arsenide pn diodes. Their applications 
include industrial counting, tape and card readers optical 
encoders and communication links. 

The TIL26 is packaged such that accurate mechanical 
alignment can be easily obtained. The TIL32 is similar but 
is packaged with an integral lens. Both devices have the 
advantages outlined previously in the section on visible 
emitters. Both emitters are spectrally matched to silicon 
sensors such as the TIL78 and TIL63 series. Their angular 
emission characteristics are shown in Figures 27 and 28 and 
Figure 29 shows the variation in coupling characteristics 
between a TIL32 source and TIL78 photo transistor as the 
distance between the source and receiver is varied. 


Communications Link 


A simple optical communications link using an 
infrared emitter and sensor is shown in Figure 30. (To 
obtain improved performance the TIL32 and TIL67 should 
be replaced by a TIL31 and a TIL81 respectively). The 
transmitter diode is biased at a quiescent forward current of 
20mA. Full modulation represents a variation of +20mA. 
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FIGURE 27. Emission v Angular Displacement for TIL32 
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FIGURE 28. Emission v Angular Displacement for TIL26 
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FIGURE 29. Coupling Characteristic of TIL32 with TIL 78 


This is achieved with a 20mV rms signal input to the 
operational amplifier. The modulator has sufficient sen- 
sitivity to be driven from a dynamic microphone. 

The receiver uses an operational amplifier operating 
in the ‘virtual earth’ mode as outlined previously in the 
section on sensors. There is sufficient gain to enable the 
system to operate over distances in excess of 50 metres 
with 50mm f2 lenses. Signal to noise ratios of 30dB for 
500mV rms at the receiver output can easily be obtained. 
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FIGURE 30. Opto Transmitter and Receiver 


NUMERIC DISPLAYS 


General 


Gallium Arsenide Light Emitting Diode Seven Seg- 
ment Numeric Displays have many advantages over dis- 
charge tubes. The most obvious is that they will operate 
from 5V, and are compatible with TTL and DTL. Also they 
are more robust and they do not sputter and darken with 
age like discharge tubes, this effect being especially notice- 
able at low temperatures. 

There is no R.F. instability problem with these solid 
state displays and they have a wide viewing angle. 

The current surge which occurs with incandescent 
devices at switch on, due to the low cold resistance, is not 
exhibited by solid state displays. 

The displays are very visible at 10 or 15mA diode 
current although their contrast can be improved by using a 
filter (a piece of red plastic or glass). The diode current in 
the latch-decoder-display packages is set by a constant 
current drive circuit within the I.C. but the intensity of the 
display can be modulated if need be by blanking circuitry. 
In the individual seven segment displays the diode current is 
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set by a series resistor, as shown in Figure 31. A 1502 
series resistor between the TTL outputs and the diode 
segments gives about 10mA of diode current. 
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FIGURE 31. Driving a Segment of the TIL302 


Counting and Digital Display 

There are a number of basic functions which may or 
may not be needed according to the requirements of the 
situation. 

In the straightforward system each digit is derived 
from a decade counter (i.e. 4 bits of BCD). It is interfaced 
to a decoder via 4 bit latch and thence to a seven segment 
light emitting diode display. 

One possible variation is that the counter output may 
be needed, for example to compare the count as it 
proceeds, with a preset number. 

Another variation is that the latch may not be 
required where flicker is not a problem or it is not 
necessary to display only the final counter reading. 

A third possible variation is that it may be necessary 
to load the counter at the beginning of a count. This occurs 
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FIGURE 32. Frequency Counter 


for instance in a calendar clock where days begin with day 
1 not day 0. 

The straightforward system is shown below in Figure 
32 as a frequency counter. The Batch counter in Figure 33 
shows how to obtain a circuit with the counter output 
available, while the third circuit (Figure 34) does not have 
the latch facility. 


Frequency Counter 


The Frequency Counter is an example of a counter 
where only the final value is displayed, and it is retained 
while the next count is being made. The sequence begins 
with the counter being cleared and the timing period being 
started. The counter counts with a typical maximum 
frequency of 18 MHz. At the end of the timing period the 
counter value is transferred to the latch outputs and 
displayed. The sequence is then begun again. 


FIGURE 33. Batch Counter 


Batch Counter 

Objects are counted, the instantaneous count being 
compared with a number preset on thumbwheel decade 
switches. When the count reaches the preset value the 
counter is reset and the count is repeated. In the case of 
tablets being counted into bottles for example, the reset 
signal can be used to step forward the next bottle. With a 
slow count rate the display could show how complete the 
batch was, whereas with a fast rate only the final number 
would be required with the ability to again see the state of 
the batch, for example in an emergency, by enabling the 
latch. 

The arrangement, as shown in Figure 33, has the 
diodes being used in conjunction with the expander input 
of a TTL gate. Any number of diodes can be ‘fanned in’ to 
this expander. If only three decades are required then a 12 
input TTL NAND gate (i.e. the SN54/74S133) could be 
used instead of the SN15830 and the diodes. 


Counter-Decoder-Display 
Where a latch is not required it may be more 


economic to use an individual counter with a separate 


' decoder and separate display. 
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FIGURE 34. Simple Counter Display 
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Acceptor, 184-187 
A.c. coupled clocking, 9 
A.c. noise immunity, 23 
Adder, current or voltage, 135 
Alpha numeric displays, 195-196 
Amplifier : 
logarithmic and exponential, 153-158 
operational, 123-172, 192, 193, 199-200 
positive-negative gain, 143-144 
stereo, 159-172 
step response two pole, 134 
Arithmetic operational amplifier applications, 135-138 
Assembly techniques, 172 
Audio circuits, 146-150, 159-172 
Auxiliary (to stereo amplifier), 167 


Balun, 150 
Band: 
conduction, 176-185 
gap, 176-187 
valence, 176-187 
Bandpass filter, 139 
BCD to binary converter, 96-100, 101-108 
Bergeron diagram, 12-14, 32-34 
Binary: 
counter(s), 9 
to BCD converters, 95-99, 102-112 
word comparison, 80-83 
Bistable multivibrator: 8-10 
a-c coupled, 9 
d.c. or edge triggered, 9 
D-type, 9 
J-K, 9-10 
master slave, 9-10 
R-S, 9 
T-type, 9 
Bistable switch, 48 
Bounceless switch, 46 


Carry: 
anticipate, 56-57 
circuitry operation, 53-57 
look ahead, 61-62 
ripple, 53-55, 61 
Cascading, counters, 59, 66 
Character generator, 80, 195-196 
Clock skew, 53 
Clocking: 
a.c. coupled, 9 
d.c. or edge triggered, 9 
synchronous, 53, 59 
types of, 9 


Code: 


binary-coded decimal (BCD), 95-112 


Communications link, 199-200 
Comparator, binary word, 80-83 


Compensation, frequency, 129-132, 164-165 


Compressor, volume or level, 148 
Conduction band, 176-185 
Control circuits, 150-152 
Control system, 18-20 
Conversion: 
parallel to serial, 78-80 
sine to square wave, 39 
Converter: 
BCD-to-binary, fast, 101-109 
BCD-to-binary, simple, 96-100 
binary-to-BCD, fast, 102-112 
binary-to-BCD, simple, 95-99 


triangular to sine wave, 142-143 


Counter: 
batch, 201 
cascading, 59, 66 
dual clock, 64-66 
frequency, 201 
programmable, 62-63 
single clock, 59-61 
synchronous, 61-67 
Crosstalk, 11, 27, 170 
Current: 
adder, 135 
setting quiescent, 164 
spike, 15 


Data selectors, 73-88 
Data sheet, 4-7 
D.c. characteristics, 7, 22 
D.c. clocking, 9 
D.c. noise margin, 10-11, 22 
Decoders, 89-94 
Decoupling, 15-16, 27 
Delay switch, 46 
Demultiplexers, 93-94 
Depletion: 
layer, 178 
region, 178-180 
Detector, window, 193 
Diode-transistor-logic (DTL), 2 
Display: 
counter decoder, 201 
numeric, 191-201 
Distortion, intermodulation, 166 
Divider: 
programmable, 62-63 
synchronous frequency, 67-72 
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Donor, 184—187 
Double integrator, 137-138 
Driving, line, 12-15, 29-34 


Edge: 
detector, 41-52 
triggering, 9 
Electronic flash slave cell circuit, 193 
Emitters: 184-189 
gallium arsenide, 185-188 
gallium arsenide phosphide, 187-188 
gallium phosphide, 187-188 
infrared, 199-200 
visable, 194-196 
Energy gap, 176~187 
Environment, extreme, 16 
Equaliser/preamplifier, -146-147, 159-162 
Equalisation, 166 
Exponential amplifier, 156-158 


Fan-out, 7, 194 
Firing circuit, voltage input, 151-152 
Filters: 
bandpass, 139 
high pass, 138, 160-162 
low pass, 138-139 
rumble, 160, 162 
scratch, 163 
Flip-flop: 8-10 
a.c. coupled, 9 
d.c. or edge triggered, 9 
D-type, 9 
J-K, 9-10 
master slave, 9-10 
R-S, 9 
T type, 9 
Forbidden gap, 176-187 
Frequency: 
break point, 130 
compensation, 129-132, 164-165 
counter, 201 
divider programmable, 62-63 
divider synchronous, 67-72 
Full-wave rectifier, 140-141 


Gain, closed loop, 129 
Gallium arsenide emitters, 185-188 
Gallium arsenide phosphide emitters, 187-188 
Gallium phosphide emitters, 187-188 
Gap: 

energy, 176-187 

forbidden, 176-187 
Gates: 1-9, 17, 21-34 

improvements to, 25 

logic, 8 

NAND, 2, 4, 8-9 

open-collector, 17 
Generator : 

character, 80, 195-196 

minterm, 92-93 
Glossary, optoectronic terms, 189-190 
Guaranteed parameters, 4-8 


204 


Half-wave rectifier, 140 

Headphone output, 165 

High speed transistor-transistor logic, 3, 4 
High pass filter, 138, 160-162 


Indicators, logic, 194-195 
Infrared emitters, 199-200 
Injection, minority carrier, 184 
Impedance, loudspeaker, 171 
Input: 
characteristics, 5-8, 23-24, 36, 43 
impedance, 45, 166-167 
interfacing, 17-18 
stage stereo amplifier, 159-162 
Integrator, 136-137 
Integrator, double, 137-138 
Intermodulation distortion, 169 


Junction, pn, 178-180 
Karnaugh maps, 8, 84-88 


Latch, 8—9 
Level compressor, 148 
Light: 
controlled oscillator, 192 
emitters, 184-189 
emitting diodes (LEDs), 16, 184-188 
operated relay, 192 
sensor selection guide, 183 
Line driving, 12-15, 29-34 
Logarithmic amplifier, 153-156 
Logarithmic peak pulse meter, 148-150 
Logic: 
functions, implementing, 83-88 
gates, 8 
indicators, 194-195 
NAND, 8 
symbols, 5-7 
Loop gain, closed, 129 
Loudspeaker impedance, 171 
Low-pass filter, 138-139 
Low power transistor-transistor logic, 3-4 


Master slave counters, 10-11 
Meter, peak programme, 148-150 
Minimisation, 83-89 


' Minterm, 84-89 


generator, 92-93 
Monostable multivibrator, 49 
Multijunction light sensors, 181-183 
Multiple-emitter input transistor, 3 
Multiplexing: 

to one line, 78-79 

to multiple lines, 79-80 
Multiplication: 

basics to binary, 113 

nested, 95-96, 103-106 

truncated, 118-120 

2’s complement, 115-117 

using read-only memories, 114-115 
Multiplier fast binary, 113-120 


Multivibrator: P-type material, 176-187 


astable, 39, 50-51, 145 Pulse: 
bistable, 8-10 shaper, 37 
monostable, 49 stretcher, 38 
Mutual coupling/inductance, 11, 27-29 Pull-up resistor, 17 
NAND gate, 2, 4, 8-9 Quadrature oscillator, 145-146 
Nested multiplication, 95-96, 103-106 Quiescent current setting, 164 
Nine’s complement, 101-102 
Noise: 10-11 Receiver optical, 52, 193, 200 
causes, 11 Rectifier: 
immunity, 22-23 full wave, 140-141 
margins, 2, 10-11 half wave, 140 
Non-linear circuits, 140-146 Relay, light operated, 192 
N-type material, 176-187 Resistor-capacitor transistor logic (RCTL), 1 
Numeric displays, 200-201 Resistor-transistor-logic (RTL), 1 
Ripple carry, 53-55, 61 
Open-collector gate, 17 Rumble filter, 160, 162 
Operational amplifiers: 123-172, 192, 193, 199-200 
circuit, 125-126 Schmitt-input gate, 17 
designing with, 127-131 Schmitt triggers, 35-42, 142 
range, 124 Schottky barrier diode, 3, 21 
Optical receiver, 52, 193, 200 Schottky clamped transistor-transistor logic, 3, 21-34 
Optically coupled: Scratch filter, 163 
isolators, 196-198 Selectors: 
modules, 198-199 data, 73~88 
Optoelectronics: 52, 175-201 random data, 75 
glossary, 189-190 sequential data, 75-76 
spectrum, 175 Sensors, 176-183, 191-193 
Oscillator : Series 502, 1 
gated, 41 Series 53/73, 2 
light operated, 192 Setting-up time (stereo amplifier), 171 
quadrature, 145-146 Seven segment displays, driving, 200-201 
voltage controlled, 144 Sine to square wave conversion, 39 
Output: Slave, flash cell, 193 
characteristics, 5-8, 24-26 Sources, infrared, 199-200 
headphone, 165 Specification, stereo amplifier, 167-168 
interfacing, 25 Spectral characteristics, 177, 181, 19 
load change, 25 Speed-power product, 4, 22 | 
stage, stereo, 163-164 Stability, system, 132-134 
Overload protection, 165 Step response, 2 pole amplifier, 134 
Subtractor, voltage, 136 
Parameters, guaranteed, 4-8 Supply current spike, 15 
Peak programme meter, logarithmic, 148-150 Switch: 
Performance, stereo amplifier, 167-172 bistable, 48 
Photoconductors-photoresistors, 176-177 bounceless, 46 
Photoconductive material, 177 delay, 46 
Photodiodes, 179-180 long delay, 47 
Photon, 176-185 Switching edge speeds, 24, 30-32 
Phototransistors, 52, 181-183 Switching mode: 
Photovoltaic devices, 178-179 isolators, 196 
Positive logic defined, 4 power supply, 198 
Positive negative gain amplifier, 143-144 Symbolisation, 4 
Power: System: 
law, 158 considerations, 15-16, 27-30 
response, 170-171 stability (operational amplifiers), 132-134 
supply, 18-19, 27, 165 
Pn junction, 178-180 Tachometer circuit, 199 
Preamplifier, 146-147, 159-162 Temperature: 
Printed circuit boards, 15 stability, 23 
Programmable synchronous frequency divider, 67-72 stable light source, 195 
Propagation delay, 3-6, 21-22 Ten’s complement, 101-102 
Protection, overload, 165 Thermostatic trip, 48 
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Threshold: 

detector, 43-52 

level, 37-38, 44-45 
Timer, long interval delay, 150-151 
Tolerance to supply variation, 24 
Tone control stage, 147, 162-163 
Totem-pole output, 3-4 
Transfer characteristics, 7, 26, 35-36, 43-44 
Transistor-transistor logic (TTL), 3-continuous 
Transmission lines, 12-15, 29-34 
Transmitter, optical, 199-200 
T-type bistable, 9 
Two’s complement multiplication, 115-117 


Unused inputs, 7 
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Valance band, 176-187 
Visible emitters, 194-196 
Voltage: 
adder, 135 
controlled oscillator, 144 
input firing circuit, 151-152 
subtractor, 136 
Volume compressor, 148 


Wallace adder (tree), 114-115, 118-120 
Window detector, 193 

Wire-AND logic, 17 

Wire-OR, 3, 17 

Word comparison binary, 80-83 
Worst case philosophy, 4 
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